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Antimonial Analo(pies of tho Cmhazole Senes, 

By Gilbert T Moiw an F R 8 , and Glyn Rees Davivs, Chemical Research 
Laboratory, Toddinfrton, Middhsev 

(Rccuvod Jinuir)r 17, 1030) 

Although arsiMiic and antimony exhibit ccilain similaiitiis in regard to 
then combinations with hxdroi arbon radicals >< t the organic chemistry of the 
latter metalloid is still in i much more fragmentary condition than that of 
the former eh mi nt becausi of the guatcr < xjM'nnu ntnl difficulties which attend 
the preparation of 01 ganu antimoniuls These difficulties an twofold the 
hrst IS till' case with which antimony is dislodged fiom its atLichmint to 
carbon, the stiond arises from tin imorphous and colloidal natiin of organic 
stibiUK acids 

In a foimei i ommumc .xtioii* we discussed the antimoniil analogues of the 
cacodyl senes whereas m the pre si nt one wi describe cc rtain organic denvatix cs 
111 which antimonc ri jilaccs nitrogi ii in the carba/oh nude us, these compounds 
being analogues of the arscmcal c ai ba/ole si ric s alrc ady studied by Aeschlimann, 
Lees Mct’ldland and Nicklin 

The starting mateinl in this resiaich w is o nimnodiphcii)! piepaitd pre- 
ferably from coiuini rci dly available diphenyl This h\dioearbon was 
nitratc'd to a mixtuu of o and p nitrodiphenyls which wire sopaiatcd and 
lediicesl to the corresponding basis f 

* Rov Sue Pro< , A \ol 110, p -.21(1»2(J) 

t ) Chtm hoc ,’ vol 127 p fll>(102')) 

i '^omnidalun of Diphutyl Dtnmliits — The liteialuie of ihphonjl and its elcnvatnes 
shows that this term is often iisiil to designate nther the hjilrocarbnn or its umvahiit 
radicals, (',H, (',H« although ceitam authors employ ‘diphenylyl” for these ladicals 
and diphonylylene ” for tho corresponding bivalent groups Such expressions tend, 
however, to beiomo cumboisome when i mployed for compounds contuiiiing two or more 

VOI 0XXVn~A B 



0 T Morgan and G II Davies 


Antimony 18 introduced into the diphimyl nucleus by converting o-xenylamine 
(o-ammodipbonyl) through the diazo reaction into dxfhenyl-o-diazonium 
ardtmony tetrachlortd( Vellr Nj SbCh,* and this diazomum salt when 

digesti d with cold aqueous caustic soda until the diazo-nitrogen is eliminated 
yields wcnyl-Q shbtnic and (formula v) obtained as an amorphous white preci- 
pitate on acidifying the alkaline solution Reduction of the stibinic acid in 
presence of hydioihloru and leads to xntijl-o stibine dtchloride (vi) and b) 
eliminating hydrogen i blonde from this dichloride ring closure occurs with 
formation of X(nylen-e-2 I'-stibim chloride (u) A similar closure of the ring 
IS effected by removing the elements of watei from xenyl o stibinic acid (v) 
R\ double d( composition with sodium iodide, xc nj lene 2 2'-8tibine chloride 
M( Ids the ( oriesponding iodide (u) which by (Irignard condensations gives 
rise to the untimonial analogues of the N alk vicar bazoles Thus magnesium 
metliiodidc furnislu s 2 2' xtnylenc meJhyhhbint (m) corresponding with 
A-methjlcarbazoli This tertiary stibine does not combine additivelj with 
m<th}l iodide although it furnishes a dibromide (iv) \\hen treated with 
ammonia or acjueous alkabs xenylene - 2 2' stibiiu < blonde and iodide (ii) 
lose their halogc n and become converted into bis 2 2' renylemstihine oxide (i) 
which has been obtained crystalline from organic solvents 
The accompanying diagram illustrates a feature in which aromatic anti- 
raonials differ from the c orresponding arsenicals When xenyl o stidnm 
dichloride (vi) is rendeitd slightly alkaline oi ammomacal the primary xenyl-o- 
stibine dihydroxide thus produced is unstahle mil bj elimination of half its 
combined antimony as antimonious oxide it passes into a secondary oxide, 
lelrakts o xcnyldishlnnc oxide (viii) In this complex oxide each antimony 

of these diphenyl residues and more euphonious names are extant and apphoable, foi 
when A W i on TIofmaim first isolated the base Oi,H, NH* from cortam “aniline tailmgs” 
(‘0 R vol 66, p 1K)1 (1862), ‘ Roy Sm Proc ,’ A, vol 12, pp 393, 676 (1862-3) he 
ilecided on the name “ xonylamine ” aftei a brief use of the more obscure term “ mart\l 
amine ” (compare ‘ fahresbencht p 344 (1862) ) 

Xonylamine was identified concurrently as p aminodiphenvl by bchultz (‘ Ann Chem ’, 
vol 174, p 212 (1874) ) and by Osten (‘ Per D Chem Ges vol 7, p 171 (1874) ), and 
later bj HUbner ( Ann Chem ,’ vol 209, p 342(1881) ) who like the two precedmgmvosti 
gators referred to Hofmann’s xenylaminc Moreover, m the 4th edition of Beilstein’s 
‘ Handbuch dor Organisohon Chcmie ” (vols 6-7, 9, 10, 12) xenyl is employed as a 
sj nonj m for diphcnylyl Wc propose therefore to follow and extend this usage bv adopting 
another suggestion of Hofmann’s to employ the term “ xenylene ’’ for the bivalent radical 
of diphenyl Accordingly there arc three xenylammos (o , m and p ) and twelve xenylene 
diammes to be further specified by the notation commonly adopted for diphenj 1 dcnvativos 
•May, Trans Chem Sot ,’ >ol 101, p 1037(1912) 
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atom H now combined with two aromatic radicals and when dissolved in 
alcoholic hydrochloric acid it furmihes crystalline dt-o-x^nyhlibtne chloride 
(vii) which can be utilised as the starting point for another series of antimomal 
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analogues of carbazole Di-o-denylstifnne trichlondc (ix) produced by direct 
addition of chlorine to the preceding monochlondc (vii) loses hy drogen chloride 
on gently warming under reduced pressure and passes with ring closure into 
2 'I'-xenylene o-xenyUubine dichlonde (x) whilst this cyclic antimomal on 

B 2 
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prolonged treatment with /me dust loses its chlorine and gives rise to 2 2' 
j-enyletu-Q-xenyhtihtM , ii tertiary aromatic stibiiic, which is an analogue of 
the y arjharha/oles 

Eaptninenial 

The o aminodiphcnyl required in this investigation was prepaied bv thi 
two following processes — 

1 Pyrnh/sfi of diazoatm iK>benz( in in jmsinri' of aniliw * Owing, however 
to the small jield of o-ammodiphenyl (about 18 pir cent ) and to the tedious 
nature of the isolation of the base from othc r products of n action this prepara- 
tion was aliandoned in the favour of tlie second process 

‘2 Ridudion of o ntlrodtphinyl — The starting point was commerciallj 
available dipht n) 1 which was nitrated to i mixture of o and p-nitrodiphem Is, 
the lattei predominating A comparatively simple method of separation was 
devised and the isomeric nitio compounds were leduced with iron borings and 
acidified water t 

nyl o <!(tbtm< and (',iIl 4 Sb()(()H )2 W g of o aminodiphc n\ 1 

in 300 ( ( of w iter and ItiO c c of hydrochloric acid (D 1 1(») wen din/otisul 
with 22 g of sodium nitrite m 100 c c of water and to this dia/o solution wc rt 
added lb g of mtinioiiv trio\i<le dissolved m 200 cc of hydroihlonc uid 
(1) I 12b) the temperature being kept between O'* and 25’ whin diphenyl o 
diazoniuni antimony htrachlondi separated as a light yellow iiystallini pie- 
(ipitate (Found Cl 3(» •) Sb 27 3, (' 12 H 11 Ne CljSb ii quires Cl 31 0 Sb 
27 4 per cent ) This lomplex dia/onium salt after washing with watei was 
Mispendecl in IfiOO c t of water c ontaining 300 g of ice the mixture being cooled 
to 0" , 1()0 to 200 c c of glycerin wen added and laustie soda was intro- 
duced slowly with stilling until the mixture w'as faintly acid for which about 
300 t c of till alkali wi re icijiiiri d After froth had subsided a furtlur 30 c i 
of bA caustic soda were added and the hqiud stirred until a sample no longer 
gave an a/o coloration with H acid The filtered solution was then acidified 
with dilute hydrochlorii and and warmed to lomplete the precipitation of the 
stibimc ai id w hii h was fr« cd from inorganic antimony compounds by repeated 
washing with hydrochloric acid (T) 1 l‘2b) The viscid residue was extracted 
with warm 2 'iN caustic soda and the faltrate acidified with acetic acid The 
precipitated stibinic acid dried to a white amorphous powder only very slightly 
soluble 111 hot water but dissolving more readily m boiling alcohol from which 
• Hirsch, Jler D Cheiu ties, vol 25,p 1023(1803) end Aeschhmann Lees, McClelland 
and Nicklm lor nt 

t Morgan nnd \V alls, ‘ T Soe Chem Ind ’vol 4ft p 15 T (1J)30) 
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solution it separated m small colourless crystals (Found C 11 93, H ^ 1 
SI) 37 42 , CijHiiOaSb requires C 44 3, H 3 39, Sb 37 ^)0 per cent ) 

When warmed with c oncentrated hydrochlono ai id thi stibinic acid yielded 
xenyl o-stibine UiraMonde tVlls SbC'U as a >ellow oil which on shaking 

with a saturated solution of aramomum chloride in h>dro< hloric acid (D 1 12b) 
gave a light yellow crvstalhne senyl o shbine amnwmum pentachlaiide 
IC'ells C8H4 SbCLI NH4 which after washing with hvdrochlonc acid was 
dried on porous tik (Found Cl 37 1 Sb 26 2, 2 ’j 8 , ClizHiaNClsSb 
requires Cl 37 7, Sb 25 9 per cent ) Xenyl o stibine dichlonde CoHs C6H4 
SbCl. was prepared In passing sulphur dioxide into a solution of xenyl-o 
stibinic acid m methjl alcoholic hjdrothlonc acid containing a trace of 
potassium lochdc On concentrating a chloroform extract of these reagents 
the dichlonde remained as an oilj residue which was dissolved in ether and the 
solution diluted with petroleum (b p 60-80°) when it deposited by slow 
evaporation rosettes of colourless needles melting at 76° (Found Sb 34 2 
('i2HoCl2Sb requires Sb 35 2 per cent ) 

The dichlonde was very soluble in the ordinary organic media and showed a 
great tendency to separate as an oil from these solutions and it was not found 
possible to convert it into the corresponding xenyl-o stibine hjdroxide since 
on treatment with alkali half the antimony was ebminated as tnoxide 
Xenyl-o stibiHC ditodide, CoH. ^^4 was preferably obtained on 

leducing xenyl-o-stibimc acid to the oily dichlonde as in the preceding pre- 
paration when addition of sodium iodide in acetone solution yielded the solid 
diiodidc which crystallised from alcohol in dark yellow needles melting at 
95-96° (Found C 27 58, H 2 0 , 1 47 5, Sb 23 2 , C'l.HoI.Sb requires 
0 27 23, HI 7, I 48 0, Sb 23 0 per cent ) 

Xenylene’itibine Chlortdt (formula 11) - This chloride has been prepan d by 
two methods similar to those employed in the preparation of its arsemcal 
analogue* — 

1 Retnoixil of Hydrogen Chlondt frmn Xenyl o-shbtne Dichlonde — On 
heating this dichlonde at 10(t° under 25 mm pressure hydrogen chloride was 
evolved and a dark resinous mass remained which was extracted with chloro 
form Addition of alcoholic hjdrochlonc acid to this extract precipitated a 
grey crystalhne powder which was recrjstalhsed from alcohol or chloroform 
when greenish white diamond shaped plates were obtained 

2 Dehydration of Xenyl-o stibinic Acid — A more satisfactory methcxl con- 
sisted in adding 4 g of the stibinic acid to 10 c c of cold concentrated sulphuric 

♦ Aeschlimann Ijocs MK'lelland and kicklin lor nt 
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acid to which were subsequently added a further 5 c c of the same acid the 
mixture was warmed for 10 minutes on the water bath and then poured into 
a large volume of water The grejish white precipitate was washed, dried 
and dissolved in warm h>drochloiic acid with the minimum quantity of methyl 
alcohol A fragment of potassium iodide was added to the cooled solution 
and sulphur dioxide bubbled m until crystals appeared The mixture was 
then left until deposition of the cyclic chlonde was completed The product 
was recrystallised from alcohol with addition of animal charcoal 

Xenyleneatibine chloride was thus obtained in greenish white acicular 
crystals melting at 209° It was moderately soluble in hot chloroform alcohol, 
acetone or benzene but less soluble in carbon disulphide or light petroleum 
(Found (' 46 36, H 2 87, Cl 11 20, Sb 39 40 (99 82 per tent ) , thsHgClSb 
requires C 46 66, H 2 59, Cl 11 47, Sb 39 38 per cent ) 

In the foregoing reduction it is important to avoid excess of sulphur dioxide 
and to keep the solution cold, otherwise antimony is entirely ebminated from 
the orgamc molecule with formation of diphenyl 
XenylenesHbitu Iodide (CeH 4)2 Sbl prepared by interaction of the 
preceding chloride and soebum iodide ( I mol ) in acetone solution, erj stalhsed 
from benzene in lemon yellow needles melting at 222° (Found C 16 07, 
H 2 28, I 31 20, Sb 30 43. CitHglSb requires C 35 9 3, H 1 99, I 51 68 
Sb 30 39 per cent ) 

Xenylenemeihyhtibine (C 6 H 4)2 Sb CHs Magnesium (3 6 g ) was added 
to 1 c c of methyl iodide in 25 c c of dry ether, and the solution added to a 
cooled suspension of 4 g of xenyh nestibine iodide in 30 c c of dr\ ether 
Dunng this addition the colour of the iodide was discharged and the reaction 
completed by heating on the water bath for 16 imnutes after which the product 
was poured into water Ether was removed and the residual oil extracted 
with chloroform The tertiary stibinc was obtamed as an oil which sobdified 
in a vacuum desiccator Crystalbsation was facibtatcd by adding petroleum 
(b p 40 60°) to the evaporating solution, but in the presence of air this con 
centration was accompanied by slight oxidation The product crystalhsed 
from petroleum in pale yellowish white leaflets melting at 67° (Found 
C 53 70, H 3 46, Sb 41 75 , ('i 3 Hi,Sb requires C 64 02, H 3 81, Sb 42 18 
per cent ) 

This stibme did not combme additively with methyl locbde although it 
decolourised a chloroform solution of bromine with deposition of a dibromide 
Xenylenemethylstibtne Lkbromide (C 0 H 4 ), SbfCHjlBrj a pale yellow 
microcrystalhne powder was slightly soluble in alcohol or acetone but not 
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appreciably 80 m other organic media , it melted at 207° (Found Br 35 97 
Sb 26 91 , C^gHiiBr^Sb requires Br 36 b5, Sb 27 14 pei cent ) 

Tetrakis o-xenylstibine Oxide (CbHs CeH4)2Hb O Sb(C9H* CeHs)^ pro 
duced together with antimony trioxide when crude xenyl-o stibine dichlornh 
was digested with warm dilute alkali, but was preferably prepared by adding an 
acetone solution of purihcd chloride (vu) to a large volume of water containing 
sufficient ammonia to leraam alkalmc after heating the mixture on the water 
bath The VLSCid oxide after washing wuth warm water was dissolved in hot 
acetone, and the solution nndered turbid by addition of water when on 
evaporation large colourless flattened needles separated melting at 157" and 
sparingly soluble in alcohol (Foimd C66 18, H 1 14, Sb27 90, CesHgoOSbo 
requires C 66 10, H 4 11 Sb 27 94 per cent ) 

Dt -0 xsnylshbine Chlonde (Cells Con 4 ) 2 SbCl The crude oily xcnyl-o- 
stibine dichloride was poured into watei and the liquid made sbghtly alkahne 
with caustic soda or ammonia The mixture containing precipitated xenjl- 

0 stibme oxide was warmed on the water bath to < omplete the elimination of 
antimony trioxide corresponding with the change from primary to secondaiy 
stibine derivative The precipitate dissolved in hot alcoholic hydrochloric 
acid and on cooling di-o xenylstibme chloride separated in colourless needles 
melting at 126 5° (Found C 61 83, H 3 96, Sb 26 3<» , (’jiHigClSb requires 
C 62 16, H 3 89, Sb 26 29 per cent ) 

This chloride dissolved in the ordinaiy organic meeba with the exception of 
light petroleum 

Di-o xmylUibine lodtdi. ((VL C«H 4 ) 2 SbI was obtained cither byticating 
the preceding oxide with hydriodic acid or pieferably by interaction of the 
corresponding chloride and sodium iodide m acetone solution When cr> stal- 
hsed from chloroform or alcohol the iodide separated in light yellow prisms 
melting at 166-157° , it dissolved only sparingly m light petroleum (Found 
C 62 06, H 3 62, I 23 20, Sb 21 74 , t'^JIielSb lequires C 51 94, H 3 21, 

1 22 89, Sb 21 96 per cent ) 

Bts-2 2' -xenylenestdnne Oxide (formula i) An acetone solution of 2 2'- 
xenylenestibine chloride when poured mto water contaimng a slight excess of 
ammonia gave a white flocculcnt precipitate of the complex stibine oxide 
which was coagulated on warming and crystallised from alcohol in yellowish 
white spangles meltmg at 177 179° (Foimd C 51 29, H 3 28, Sb 43 03 , 
C 24 Hi#OSb 2 requires C 51 10, H 2 84, Sb 43 22 per cent ) 

This oxide was readily soluble in chloroform, less so m alcohol, acetone or 
benzene and insoluble in water or 2Ar-8odium hydroxide 
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Di-o-renyhttinne Tnchlonde (C'nHs C(,H 4 ) 2 SbC'l 3 obtained by adding 
( Idonne to the piecedmg monochloride m ehlorofortn solution, crystallised from 
a mixture of this solvent and alcohol in small colourless needles melting at 
177° (Found V 54 28, H 3 7 Cl 19 80, Sb 22 92 , tSiHjsClsSb requires 
C 53 91, II 5 ,37, Cl 19 92, Sb 22 80 per cent ) 

Xenylene-o-r^ni/hltbtm Ihrhhmde (formula x) Whin warmed to 50° above 
its melting point under 20 mm pressure di-o-xenylstibine tnchlonde lom- 
menced to froth vigorouslj and heating was continued until evolution of 
hydrogen ohloruU (eased On cooling the residue set to a jelly which w'as 
extracted with warm chloroform The product aftc r removing the solvent was 
crystalhsed from a mixture of chloroform and alcohol with addition of animal 
charcoal it separated m small whiti nodules melting at 212° Although 
dissolving freely in ihloroform the dichloride was onij moderately soluble in 
other oiganic media (Found C 57‘34, If 3 12 Cl 14 20 Sb 24 22 
CjiHivClaSb requires C 57 85, II 3 11, Cl 14 20, Sb 24 47 per cent ) 

2 I'-Xintjlcnc-o xmyl'iHlnne (formula ix) The foregoing chlondt was 
suspended m 20 parts of alcohol and boiled for 2 hours wnth 2 parts of zinc 
dust The filtered solution was then concentrated when the aromatic stibine 
was obtain! d in large rosettes of colourless needles melting at 106-107° 
(Found 0 67 23, H 3 92, Sb 28 27 (99 62 per cent), CocHjrSb requires 
C 67 48, H 3 98, Sb 28 54 pi r cent ) This tcrtiar\ stibine was readily soluble 
in ordinary organic media 
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A The) mal Method of Measuring the Vapour Pressw) e of an 
Aqueous Solution 

By A V Hu 1 K R S , Foiiltrton Researth Professor 
{Rcceivefl January 16, 1930 ) 

(From the Depnrtment of PhvsioloKv and Biotheiniatit Thuvriaitv f'olkj'e 1 oiidon ) 

The method di. scribed below of imaamuifr the diftereuce of vapour pressun 
lietvecn iny two lunuous solutions, or btiwitn a solution and tin soKtnt 
urosi from e\poiim<nts on isolatid suiviviiif? musch s, iii which it was 
noticed that stimulation in mtrogui hd to a laige increase in the rate 
of resting heat production This increment in luat rate was traced fmallv 
to condensation of moisture on the muscle due to the lowering of vapoui 
piessure caused in the muscle b\ the aee uimilation of the products of activity 
'I’hese experiments aic deseribed elsewhere* The tine xpekited sensitivity 
of the apparatus to a change of vapour pressure led to its trial with solutions 
of vaiious conoi ntrations held bv strips of filter paper the results were so 
piomising that a special instrument was designed and constructed, wliii h ilom 
IS nferred to in the following pagis 
The imthodhas vaiious advantages (a) it is direetf and fairly ixait, f q 
th( difference of vapoiu piessiiri between water and a not too dilute aqueous 
solution (an be nuasured vt anv required temperature, within 1 to 2 per cent 
(6) it IS fairly rapid a reading is obtained in fO to 45 iniiuites and four oi hvc 
measurements can be made at the same tune if desired by a single observer , 
(c) It has a wide range, e q one can measure, on the one hand the difference of 
V apour pressure betw een 0 IM NaClandO 2M cane* sugar or on the other 
between 5 M Naf’I (5 g moheules NaCl to 1000 g IIoO) and water, the latter 
difference being of the order of 500 tunes the foimei , (d) very small 
quantities of the solutions are required enough n uiicly to moisten 1 to 
2 sq cm of filter paper say 0 2 e e 


Apparahis 

Tlie tlurmopile shown in the figure is syrametiual , it has one set of juii< 
tions ui a line down the middh of one face, the other set m a similar line down 

* Roy Soc Proc B eol 105 p 298 (1929) and (in piepaintion) 
t That iH the differente of vapour pressure is measured direttlv and not obtained bj 
subtraction of two separate measurements 
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the middle of the opposite parallel face It is wound upon a hollow brass 
rectangular frame msulated with “ bakelite ” varmsh The elements are of 




Y 



Vapour Pressure IJicimopilc in Chamber insulated brass frame shown enlarged and 
partly wound with wire , Y side view of same AA, line of junctions B, brass 
tube C, rubber stopper G, glass tube carrying leads to galvanometer Dimensions 
of thermopile 23 x 23 X 6 mm , wound with 71 turns of 38 S W G oonstantsn wire, 
half of each turn being electroplated 


silver-constantan, made by electroplating coustantan wore as suggested by 
Hamilton Wilson * Tlie wires should be wound as regularly and as close 
together as possible, and should cover the whole of each face of the frame 
They are msulated by “ bakehte ” varmsh, each coat of which requires careful 
baking to harden it and render it insoluble During the bakmg a httle hole 
in the frame is left open, afterwards this is sealed with shellac Each face is 

♦ ‘ Proo Phys Soc vol 32, p 326 (1920) 
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finally trunmed up with flaked or dissolved shellac, and the whole instrummt 
18 dipped for a few seconds into a mixture of melted paraflan wax and liees - 
wax, to render it waterproof by a thin film over its surface The thermopile 
is not unhke that employed for measurmg the heat production of nerve * 
but simpler and more robust Fuller details for constructing such instruments 
are given elsewhere f 

The thermopile is mounted on a brass tube, which passes through a riibbi r 
stopper , it IS covered during use b_y a glass tube forced on to the stopper 
The leads pass out through a glass tube to two copper terminals on a vulcanite 
platform above A small hole is drilled at the thermopile end of the brass, 
tube, to allow pressure equabsation to occur with the outside 

On one face (A) of the thermopile is laid a small strip of filter paper of suitable 
size dipped m solution (a) , on the other face (B) a similar stnp of filter paper 
dipped in solution {h) The chamber is kept moist by covering its walls 
with a large strip of filter paper dipped m any solution (c) Let po, pj, and 
p„ be the water vapour pressures of the three solutions Then the solution (r) 
being m large excess, the w ater vapour pressure in the chamber will approximate 
to Pe, except in the immediate neighbourhood of faces A and B The rate of 
condensation of moisture, therefore, on face A is equal to k (p^ — pa), when ^ 
IS some constant depending on (i) the instrument, (ii) the temperature, and 
(m) the barometne pressure Similarly the rate of condensation of moisture 
on face B is k (p^ — p»), the k being the same smee the instrument is sym- 
metncal Now owing to the condenstioii of water on the two faces of the- 
thermopile the temperatures of these tend to rise above that of the surroundings 
After a few mmutes the tuidemy is balamid by heat loss, due to conduction, 
etc, and a steady state is reached in which face A attains a tempcratiiie 
(Pc — fa) above the surroundings, and face B a temperature k' (p^ — p^) 
above the surroundings, the constant k' dependmg (like k) upon the instrumi nt 
the temperature and the pressure The final difference of temperature, there 
fore, between face A and face B is k' (p^ — p„), and is mdependent of the 
vapour pressure of solution (c) Thus the E M F developed in the thermopile 
18 K (p> — p„) where K is a constant (which can be determined for any given 
instrument by cahbration with solutions of known vapour pressures, but depends 
upon temperature and pressure) and and p^ arc the vapour pressures of 
the two solutions on the faces of the thermopile 
A large water bath is employed, stirred with an air stream and kept auto- 

• Downing and HiU, ‘ Roy Soc Proo ,* B. vol 106, p 147 (1929) 
t HiD, ‘ Roy Soc Proe B, vol 103, p 117 (1928) 
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matically at a temperature m the neighbourhood of 20^’ C by a large gas 
regulator The jet from which the gas emerges is ground off at an angle so 
that the mercury rising m the tube of the regulator in response to a nse of 
temperature of the bath dimmishts the gas supply gradually There is no 
' off ” and “ on ’ but contmnous adjustment The temperature, read by a 
Beckmann thermometer graduated in 0 (K)2°, remains constant all day long 
within 0 001° It IS found that the reading due to two given solutions on 
the faces of the thermopile is approximately doubled bv a rise of 10° This 
impbes a 7 2 per cent intrease per 1°, a 0 007 per cent increase per 0 001° 
The temperature regulation, therefore, is more than sufficient It is desirable, 
however, to have it is good and as steady as possible, since sudden changes of 
temperature— ev( n small ones -produce appreciable disturbances in the 
readings 

The difference of temperature between the two fares due to their unequal 
rates of evaporation (or t ondensation) is small, but still sufficient to reduce the 
difference of vapour prossure betwc'on the two solutions on them to a just 
{lerceptible degree This, of course, does not affect the accurac v, w'hich depends 
upon direct c alibiation with solutions of known vapour pressure For example, 
a 1 per cent Nat'l solution on one face, against water on the* other, gives a 
reading at 20° C’ with thermopile No I of about 12 microvolts This instru- 
ment has 71 couples of electroplated silver constantan, each giving (say) 
15 microvolts per 1° 0 , a total of about 2500 microvolts per 1° 0 Thus the 
1 2 microvolts due to the differeiic e between 1 per cent NaCl and water betokens 
a temperature difference of about 0 0048° C Tins corresponds to a relative 
change of vapour pressure of 0 000340 (0 00007 per 0 001°) which is about b 
per cent of the difference between water and the NaCl solution A corre 
sponding relation exists for other concentrations 

The rate of dilution of the solution on the face of the thermopile, by the 
condensation of vapour on it, is not so great, except when large differences of 
vapour pressure exist m the chamber, as to produce anj considerable effect 
during the time iiecessarv to obtain a reading It is possible, m any case, to 
avoid such cblution when mcasunng the difference of vapour pressure between 
a solution and water, bj placing on the wall of the chamber cither the solution 
itself or another solution judged to be approximately isotomc with it 
Practically no evaporation of, or condensation on, the experimental solution 
will then occur, while the gradual evaporation of water from the opposite 
face 13 found to produce no effect on the readmg untd the filter paper has 
become perceptibly drier , this takes several hours to ck cur It is often con- 
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venieiit, and accurate, to work diff< lentiallv, ? e , to measure the small differenci 
between the experimental solution (a) (e q , blood) and a known solution (b) 
{eg , 0 9f) per cent NaCl) approximately isotomc with it In that case the 
sami solution (h) can be plated on the wall, and no perceptible dilution oi 
concentration will oceui on c itln i face duiiiig the attaimnent of a reading 
The only error of importance, dm to evaporation, is caused by delay in placing 
the strip of wet filter paper on tlit face of the thermopile and mounting the 
latter in its chamber m a hot di v loom this error might be considerable if the 
time taktn were too long It is advisabh to prepare everything beforehand, 
and to be as cpiick as possible in the final stages of laving the strip of filter 
paper containing the expciimintal solution on the fact of tlu thermopile and 
of placing the cover in position 

The chamber should be connected to the atmosphere by a small hole or a 
narrow pipe Initial temperature difTeienees due to handling, etc, while 
setting up the apparatus, and the pioct'ss of fore ing the cover on to the stopper, 
may otherwise cause the pressure m the chamber to settle down finallj to 
some unknown and arbitral y valm Mr B Topic y, of the Department of 
Chemistry Univi rsity College, infoims me that the leading should be mvcisely 
proportional to the toUl })nssure in the chamber, proyided that it depends 
mainly ondifFusion, as it probably does , thus a constant piesauie is nccossarv 
The changes of barometric pressure w Inch occur from day to da> , or oycn during 
a smglc day, may be allowed for approximately b\ assunung what has not yet 
been verified experimentally- the mvcrsi nlationship refericd to abovi , 
01 their effects can he eliminated by standardising the apparatus, or a similai 
one, on the day of the cxpi rimi nt by an observation made on a solution of 
known vapour pressure 

The galvanometer employed has been a Zernickc moving cod mstiument 
(Zc) by Messrs Kipp on Zont n of Delft, Holland reading (at >l m distance) 
to 1 5 > 1()~'° amp Except when the readings have been veiv small they 
have not been made diiectly on the scale, but by a null method i mploying a 
Pye rotary potentiometer led oft into a 1 KKX) potential divider constructed 
with copper wire The arrangement was calibrated witli an accurate 
potentiometer 

Statuianh 

The instrument described docs not give absolute readings of the vapoui 
pressure , it is necessary to calibrate it on a solution of known v apour pressure 
The best available data appeal to be those of Berkeley', Hart lev and Burton* 
• ‘ Phil Tiaiw A, vol 218, p 2»5 (1010) 
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•on cane sugar Assuming (i) the results obtained at 30° C with “ Apparatus 
D,” as corrected bv Berkeley (loc at , p 147) , (ii) the results obtamed at 
■0" t' {loc cU , p 144) , and (ui) a value of the relative molal depression of 
vapour pressure of 0 0180 for very dilute solutioas,* two curves for the 
relatively molal depression were constructed for 0° C and 30° C respectively 
The data employed are as follows — 


( oncentratiuu g laiie sugar per 100 g water 


10> at 0 C 

LM Po 

3‘<>~ P ICH at 10“ t 

LSJPo 


11 800] 
[1 800] 



Here pj is the vapour pressure of water and p that of the solution, while [S] 
18 the concentration of sugar in g molecules per 1000 g of water 

The curves for 0° (' and for 30° (J differ appreciably, but not considerably, 
from one another, so that a linear interpolation between them is allowable 
The interpolated data for 20° C are as follows — 


Table I 


1 

1 


Concentration g 

cane sugar per 100 g 

water 


1 


10 j 

1 “ 1 

30 1 

1 ! 

50 

j 00 

X 10« 

lS]p. 1 

1 

1 800 

1 845 

j 1 890 

1 

I 935 

1 

1 1 980 

1 

1 2 025 

1 

j 2 070 


1 

80 

1 ^ 

1 luo 

j 110 

j 120 

1 130 

hT A io« 
IhJp. 

2 115 

2 100 

1 

2 204 

2 247 

2 288 1 

2 328 

2 365 

n 

140 

160 j 

j 160 j 

170 

1 1 

100 

200 

1 

ZJ' V 1(P I 
NPo 

2 398 I 

2 427 1 

1 

2 454 1 

2 477 1 

2 497 

2 515 1 

2 530 


* This thoorotical number is justified expenmentally, at least at 0° C , b> freezing pomt 
measurements made on dilute solutions of oane sugar (see Bedford, ‘ Ro\ Soo Proo A, 
voL 83, p 469 (1910) ) which allow the raloulatton of the identical value 



15 


Vwpmr Presmre of an Aqueous Solution 

If desired sodium chloride solutions tan be used instead of cane sugar as 
■standard Data contained in the ‘ International Critical Tables,’ vol 3, allow 
us to interpolate the following smoothed values for a temperatuie of 20“ to 
25° C 


Table II 


JLo 


[S]P. 


10« 



a 317 I 1 285 I a 275 


a 207 




4 0 



« 0 

7 0 


9 0 

X 10* 

IS]P. 

a 27a 

a 278 

a 285 

1 102 

1 320 

a n» 

3 3')0 


10 0 

1 11 0 

12 0 1 

13 0 1 

14 0 

1 ! 

10 0 


y 10* 

[S]p, 

a aso 

j 1 401 

3 423 j 

3 447 

1 1 

3 171 

1 

i 

3 405 j 



These values were found to be in good agreement with those given above for 
cane sugar ’* A similar set of data for KCl gives the following smoothed 
mterpolated values, the effect of temperature being stated to be negligible 


* The results for NaCl published by Bousfield (‘ Roy feoc Proc ’ A, voL lOJ, p 429 
(1923) ) appear to be considerablj in error, if we accept the < nhbiation uith cane sugar ns 
correct, see below 
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Pt-p ^ 

[^]p. 


Table III 

xenlratuin g KCI per l(X) g water 

0 I 25 1 30 


3 311 * 2 261 


3 220 


Pj ‘‘ lOJ 3 158 
W;>o 


3 203 3 191 3 182 ! 177 


3 107 I 3 1«3 I 3 101 


12 0 U 0 14 0 


1 159 3 im I 1101 3 103 


Th(s( again, so far as they Imvi bicu tested, have been found to l>e in good 
agreement with those for cane sugar and for NaCl 


Accuiacy 

Random eirors, at present uncontrollable, perhaps due to variations in 
setting up, appear to affect the readings, on the average to about 1 ^ pr cent 
with not too dilute solutions An early trial in which a solution of cane sugai 
5 g to 100 g watii, was compared sevi ral times with water, led to the following 
aeries of readings on the galvanometc i scale — 

No 1 2 3 4 'i b 

Reading, mm C08 605 bOb bOl bOl bOi 

Constant after, minutes 30 15 52 51 35 bO 

The agreinu nt is unusually good, but shows what may sometimes b» attained 
The tests shown in Table IV, carried out at various times, give a fairer impression 
of the a\eiage aeeiiracy 
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Table IV — In this table percentage concentrations arc given as graminos of 
solute to 100 grammes of water , molal concentrations as gramme- 
molecules to 1000 grammes of water Readings are given as turns of 
the rotary potentiometer (in the last experiment as milhmetres on the 
scale) 


JSxperimejU of December 16, 1921) — ■ 

KaCl 1 per cent versus water gave 9 29 tnma 
NaCl 9 per cent versus water gave 65 60 turoa 
Ratio — Observed, 6 98 , from Table II, 6 03 


SxpertmetU of December 17, 1929 — 
Number 

Cane sugar per cent 
NaCl, per cent 
Reading versus water 


1 2 S 4 

10 60 — — 

— —16 
9 67 66 18 9 6J 68 33 


The ratio of reading (2) to reading (1) is 6 81 , from Table 1, 6 73 
The ratio of reading (4) to roadmg (3) la 6 06 , from Table II, 6 03 
The ratio of reading (4) to reading (2) is 0 89 . from lables I and II. 0 98 


Experiment of December 18, 1029 — 

(а) NaCl 1 per cent versus cane sugar 10 per cent 

Ratio -Observed, 1 036 , from Tables I and 11, 1 042 

(б) NaCl 6 per cent versus cane sugar bO per cent 

Ratio —Observed, 0 917 , from Tablea I and II. 0 938 


Experiment of December 21, 1029 — 

NaCl 0 26, 1 and 0 per cent versus respectively, cane sugar 2 6, 10 and 60 per cent 
Ratios — Obeerved, 1 17, 1 06 and 0 M , from Tables! and 11, — , 1 04 and 0 93 


Experiment of Decembt r Mi 1029 
Number 

Cone sugar, per uent 
NaCl, per cent 
KCl, per cent 
Qluoose, per cent 
Reading versus water 
Ratio — 


60 

63 00 


2 3 

6 

10 

76 35 60 50 


10 

17 82 


10 01 10 13 


Reading (1) to (6) Observed, 6 21 . from Table I, 8 78 

Reading (3) to (6) Observed, 6 04 from Table If. 6 03 

Reading (2) to (3) Observed, 1 244 , from Tables 11 and m 1 249 

Beading (3) to (1) Observed, 0 06 , from Tables I and II, 0 93. 

Readings (4) and (1) lead to a mulal relative depression of 0 0185 for 10 per cent glucose 
There are no data for glucose in the ‘International Critical lables,’ but, if glucose 
and cane sugar may be compared. Table I gives tor a solution of the latter of 
equivalent strength 0 01886 


Experiment of December 31, 1929— 

NaCl 6 per cent and 1 per cent versus, respectively, oano sugar 60 per cent and 10 per 
Ratios — Observed, 0 924 and 1 067 , from Tablea 1 and II, 0 98 and 1 042. 


Experiment of January 2, 1930 —Comparison of NaCl 1 M and KCll M 
Pace A NoCl KCl Water 

Pace B KCa NaCl NaCl 

Reading turns -2 45 -f2 45 +59 3 

VP depressi o n KCl , _ 2 46 » q-q 

V P depression NaCl 89 3 

For 1 M solutions Tables II and III give a ratio of 0 967 
VOL OXXVII— A 


C 
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Table IV -- (continued) 


ExptrvmtiU of January 1030 — (''ompaniion of C»C1, 2M/3 and NaCl 1 M 


taco A 
Faoe B 

UeadtUK turns 
yj’ depresaion GaC'l 
V P depreasinn NaCl 


1 3 
58 U 


NaCl 
CaCl, 
+0 80 
-I 022 


Nacf 


Water 
NaCl 
+68 6 


There am no data in the Tables for CaCl, to check this compansun. 


Sxpartmmt of January 0 
10 404 per cent on 
experimout wua set 
Face A 
Face B 
Reading mni 
Ratio NaCl/( b 
Faoe A 
Face B 
Reading, nira 
Ratio NaCl/C b. 


1930 and January 7, 1930 — Comparison of 1 per cent NaCl and 
ino sugar, these, from Tables 1 and IT, should be isotomo The 
up an< w 10 tunes in sueoession, as follows — 


Water NaCl 

NaCl C 8 

H223 -1 

— 1 001 


wici 

+ 14 
1 011 


NaCl C 8 

C 8 NaCl 

+ 16 -20 

0 987 0 984 


08 
NaCl 
4-4 
1 003 


NaCl 
C8 
-34 
1 028 


CS 
NaCl 
-32 
0 974 


NaCl 

ca 

-30 
1 029 


08 
NaCl 
+16 
1 013 


Mean value of ratio 1 004 

Average divergence from mean I 0 014 or 1 4 per a lit 


Discusmon 

The principlo of the method described above is clearly nothing but that of 
the wet-bulb thermometer, incioased m sensitivity It is interesting to record 
that A W Reed* m 1913 demonstrated the lowering of vapour pressure of a 
solution by two wet-bulb thermometers, moistened with a sodium chloride 
solution and with water respectively Reed used ordinary thermometers and 
gave no quantitative results 

Other methods of measunng the depression of vapour pressure m small 
quantities of solutions have been described, e < 7 , by Barger and by Whytlaw- 
Gray and Whitaker t These have their advantages for special purposes 
The present method has, up to the present, been used only for aqueous solu- 
tions For solvents other than water it will be necessary to test, and perhaps 
to modify, the insulation of the thermopde One possible difficulty, which 
was expected, has not hitherto been encoimtered, viz , the adsorption of the 
solute by the filter paper , it would clearly be possible to avoid the effect of 
this on the vapour pressure by leaving the filter paper for a long time m an 
excess of the solution to come into eqmbbnum with it When this has been 
done no effect on the readmg has been noticed with the solutions employed 

* ‘ Ohem, New#,’ vol 107, p 64 (1013) 

t Barger, * Tran# Chem Soo vol 86, p 280 (1004) , Whytlaw Gray and Whitaker, 
‘ Leeds Phil 800 Proo vol 1, p 07 (1926) 
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If the method proves to be useful for more dilute solutions, or to a higher 
degree of accuracy, the possible effects of adsorption must be further oxammod 

By mcreasmg the number of observations and taking a mean, as in the last 
experiment of Table IV, it is clearly possible to attam a greater accuracy than 
by a smgle observation That experiment shows clearly that the data of 
Tables I and II, for cane sugar and for sodium chlonde respectively, are in 
close agreement Acceptuig the value for the molal relative depression of 
cane sugar as correct, that for sodium chlonde (1 g to 100 g HgO) is calculated 
to be 0 0330 Interpolated from the data in the ‘ International Cntical Tables ’ 
it should be 0 03286 The value calculated from the data of Bousfield and 
Bousfield 18 0 0369, which is apparently in error to the extent of nearly 9 per 
cent The value for sodium chloride, 6 g to 100 g HgO, calculated from the 
results of Table IV, assuming the value 0 0330 for 1 g to 100 g HgO to be 
correct, is 0 0330 , or, assuming the value for CO g cane sugar to 100 g 
HgO to be correct, 0 0332 The value interpolated from Bousfield and Bous- 
field IS 0 03425, which is 3| per cent greater than the mean of these Bousfield 
and Bousfield measured vapour pressure directly as pressure, a procedure which 
18 apparently more hable to error than the weighing of the losses by evaporation 
from solution and solvent respi'ctively when brought into equihbnum with the 
same slow stream of air (Berkeley, Hartley and Burton) 

Summary 

A thermoelectric method is described by which the difference of vapour 
pressure between two solutions, or between a solution and the pure solvent, 
can be measured The principle involved is simply that of a differential 
wet-bulb thermometer of high sensitivity A reading is obtained in 30 to 45 
mmutes and the average error of a single observation is of the order of 1 J per 
cent of the difference read 

My thanks are due to Mr A C Dowmng for the construction of the thermopile 
employed. 
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QuanMcUwe Analysis by X-liay Spectroscopy 

By f E Eddy, M 8c , Chamber of Manufactures Research Physicist, and 
Prof T H Laby , M A , Sc D , F Inst P , Umversity of Melbourne 

(Comrnunu akd l)v Sir Ernest Rutherford, P R S — Retened December 9, 1929 ) 

ftkATK 1 1 

Sattunary 

The previous work of the authors on analysis by X ray spe ctroscopy, which 
was shown to bo highly sensitive and capabh of general apphcation, has been 
developed as a method of quantitative anal^^sis It has been tested m the first 
place on alloys of elements of nearly equal atomic number with widely varymg 
concentrations, and is found to have an aci uraey of about 1 in 200 , successful 
preliminary experiments have been made with alloys of elements of unequal 
atomic number 

It IS assumed that the ratio of th< number of atoms of two elements in an 
alloy of metals of ntarl} equal atomic number is equal to the ratio of the 
intensities of correapondmg lines (sav the Kaj hnes) in the spei tra of the elements 
provided the lines are exiited imdei eijuivalent conditions The intensities 
have been determined photographically, and the great advantages of the 
photographic method for line mtensity measurements arc pomted out 

The effect on the assumption stated above of (a) the potential apphed to the 
X-ray tube, (6) the variation with wave-length of the absorption and the 
photographic action of the lines measured, aud (c) the inhoraogeneity of some 
of the targets used are discussed and tested by experiment 

The results obtained are not m agreement m certain respects with those of 
previous workers Coster and Nishma found that the presence of a third 
element affected the results of an X-ray analysis, which we have not confirmed 
for alloys, and came to conclusions unfavourable to the direct method used 
successfully m this investigation The ratio of the mtcnsities of two lines of 
a given element is found to be mdependenfc of their absolute intensities, con- 
trary to the results of Gunther and Stranski 

The X-ray method of analysis has been applied to alloys obtainable only in 
small amounts, m which the element to be estimated was present in from 0 1 
to 0 01 per cent In such cases it is difficult to apply other methods The 
X-ray method was tested in a series of alloys contaming traces of lead m zme 
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As these elements differ widely in atomic number, the mt thod described above 
was replaced by one in which a comparison was made of the intensity of the 
lead L«i hues from each alloy with those obtained woth an equal exposure from 
an alloy of known composition 

X-ray analysis should 1 h of \abie m testing the purity of metals to be used 
in the accurate determination of their physual properties 

Itdrodmhon 

In a previous paper* the qualitative detection of elements by X-rays was 
discussed and the method, although involving a compheattd technique, was 
shown to lie very sensitive and generalh appliiable In this paper, j" experi- 
ments will be ilescnbcd wlmh had as their aun the investigation of the 
possibilities of quantitativi analvsis bv X rav spectroscopy In order to 
have, in the initial experiments, conditions to which existing theory is applicable 
alloys of metals of nearly equal atomu number were studied , some results 
however, are given for alloys without this nstnction m their composition 
If two elements ire prese nt together in the focal spot, the ratio of the inten- 
sities of corresponding hues in their speitra should be equal to the ratio of 
the number of atoms of each ilement excited and if the elements are present 
m a homogeneous mixture, this should lx* equal to the ratio of the number of 
atoms of each elcmi nt present If the percentage of one element is known, 
and the ratio of the intensities of corresponding hnos he measured, then it 
might appear that the percentage of the second element could bo calculated 
The following fa< tors, however, render the position much less simple than this 
1 Inne Intensity and Applied PoUnlial — The intensity of an emission line 
18 dependent upon the voltage apphed to the tube If V be the apphod 
potential, and the critical voltage required to excite the hnc, then the 
intensity of the hne has been found to bo a function of V — The exact 
nature of this function is in some doubt , Table 1 sliows the values obtained 
by several investigators using various spectra , in the fifth column the method 
used for measuimg the mtensity is indicated, I denoting the lomsation method 
and P the photographic method The large discrepancies between the values 
shown may be due to variations m the applied voltage (even small vanations 
produce a large effect) and to difficulties m the measurement of spectral hne 
mtensities 

* E!ddy, Laby and Turner, ‘ Roy Soc Proc vol 124, p 249 (1029) 
t Mr Turner shared in the initial stages of the present investigation, and assisted in 
checking the photographic line intensity meoaurotnents 
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Whatever the real relation may be, only m the case of two elements lyniff 
close together in the periodic table will their critical voltages be so nearly 
equal that this factor will not be of considerable importance The intensity 
of the lines of tin L senes is further dependent upon whether the apphed voltagi 
IB sufficient to excite the K senes or not It must also be remembered that the 
emission line is superimposed upon a continuous spectrum, and the intensity 
of this must be taken into account when measuring the intensity of the line 

2 Ntm-homogeneom Tarqefi —The ratio of the numbirs of atoms of each 
element m the focal spot may not be the same as in the whole target , since 
the focal spot is generally less than 6 mm in area and the cathoilc rays pene- 
trate only a few hundredths of a millmutre the target should lie sensiblv 
homogeneous if accurate results are to be obtained Further, where one 
element is more volatile than another (/ ^ , if an amalgam is used as a target) 
the ratio of the number of atoms may r hange as the target bin omes heated 

3 Companion of Jjines of difftrcnt Wave Unyth The two hnes to be com- 
pared will have different wave lengths The absorption of a beam of X-rays 
in passing out of the target, through the tuln window, the air m the ajicctro- 
meter, and the film wrapping will be different for tin wave lengths under 
comparison, and the ratio of the intensities of tin two lines when they roach 
the him will not be the same as the ratio of the intensities of the lines as they 
are produced m the target Further, the photographic effect produced by 
the lines* is a function of their wave Ic ngth It has been shown alsof that the 
intensity of an emission line may lie reduced by critical absorption in the 
target material itself, vhen the wave-length of the line is less than that of an 
absorption edge of another constituent The cbffcrent lines, too, will be 
reflected by different parts of the crystal, and, m general, the reflecting power 
of a crystal will vary over its surface The effect of this variation can be 
leduted by (1) using a narrow incident beam of X-rays , (2) havmg this beam 
accurately centred about the rotation axis , and (3) using a uniformly rotating 
crystal The reflecting power of a crystal is further not wholly independent of 
the wave-length, f but it does not vary appreciably over small wave-length 
ranges 

It 18 therefore evident that any method of quantitative analysis utihsing a 
direct companson of the mtensities of two corresponding lines must take into 
* The photographic method only itf diaousged here because (1) it has the «1 vantages 
stated on pp 26, 27, and (2) the ionisation method has not been used by previous workers 
for the purposes under consideration 

f Gunther and Stranksi, ‘ Z Phys Chom vol 1 18 p 267 (1926) 

I Wagner and Kulenkampf ‘ Ann Physik,’ vol 68, p 369 ( 1922) 
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account (as far as this is possible) the action of all these factors It may be 
noted here also that, smcc the relative mtensities of two hnes in the same senes 
may change with the atomic number of the cmittmg element,* neither existing 
theory nor observation « liable the relative amounts of two elements to be 
deduced from the ratio of the intensities of two Imos in different senes or of 
two different hnes in the same siries Although it is obvious that there are 
many inliercnt diffiiulties, it is evident from the reasons indicated by us 
prt viously {he at , p 2h7) that the development of any spectroscopic method 
capalile of givmg reasoiiablj accurate results is of coresideiable importance, 
particularly if it could be applied to the estimation of elements present m 
quite small amounts 

PrmmL% Wtrek- k number of workers have made quantitativi analyses 
of materials by X-ray spectral methods, and conflicting conclusions have been 
drawn from the various results Haddmgf showed that the values givi n by 
X-ray analysis are erroneous when the factois influencing the intensity of the 
spectral hues are not taken into account Uunther and Stranski {loc cU ), 
m an analysis of an allo^ contaming 50 per cent each of nickel and cobalt, 
obtained, from different photographs, valufs for nickel varying lietween 46 
and 56 per cent In further experiments to discovir the reason for these 
divergent results, thiy arrived at the conclusion that the ratio of the intensities 
of two hues m the same senes of an eh inent was not constant but varied with 
the intensity of one of them This result, if true, would make quantitative 
X-ray analysis difficult, if not impossible but reasons are given later foi 
behoving Gimther and Stranski to be m error 
Coster and Nisluna.J in a series of careful experiments on the determination 
of the hafmum content of several ,iirconuun minerals, came to a conclusion 
unfavourable to the direct method of detcrmimng amounts of an element, 
and evolved an empirical method which gave accurate results In their 
experiments however, the materials to be analysed were in the form of 
powders rubbed mto the roughened copper surface of the target, and this may 
have mtrodiiccd errors due to causes discussed later 

Several writersf have shown that a fairly good idea of the quantity of an 
element present can he obtained from a direct cximpanson of Ime mtensities 
* (Vwter, ‘ Phil Mag vol 43, p 1102 (1922) 
t Hadduig, ‘ Z Anorg Chem vol 122, p 105(1922) 

X ‘ Chem Nows,’ vol 30, p 149 (1925) 

I Gunther and Wilche ‘Ann Chom,’\ol 440, p 203(1924), ‘ Phjs Chem vol 119 
p 219(1926), Gunther ‘Z Angew Chem voL 37, p 356(1924), Thomaasen, ‘ Staatens 
Raastoflkomito Pubhcations ’ rol 21, p lOH (1925) 
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Unfortunately all the factore which introduce errors have not been considered 
and m some cases thi* spectrographs used have not been suitable for precise 
measurements The method has not been test<>d however, for small quantities 
of an impurity (amounts leas than 1 p’r tent ), and it is in this region that a 
spctroscopic method is likely to piove most valuable A great deal of interest 
has been shown in the discussion* of the possibihtics and limitations of the 
X-ray method, particularly because the necessity for some physical means of 
rapidly and accurately analysing mat(>rials for small imoimts of impuntu s 
has arisen in recent years 

The possibility of analysis using X-ray absorption spectra for determimng 
the amoimt of an element has been investigated by Glocker and Frohiimeyer 
Delauney, and Gunther t In this method the material to be analysed is 
placed in the path of the X-ray beam and absorption edges due to the elements 
present are obtained If the ratio of the mtensitu's of the continuous radiation 
on each side of the absorption edge is measured, then the amount of the clement 
c-an be calculated This method has many advantages (1) the results do 
not depend upon the voltage']: applied to, or the < urrent through, the tube 
(2) no corrections for diffirences in absorption or photographic action are 
required, smee the wave lengths compared arc practically the same , (3) no 
special X-ray tube is required, as an oidinarv commercial tube can be used, 
thus the troublesome evacuating system is not necessary , and (4) the material 
to be investigated may be a metal in sheet form or it may be a powder or a 
solution Unfortunately, however, it is mue h moic diflicult to detect a faint 
absorption edge than a faint emission line and therefore the absorption method 
IS not so reaelilv apphcable to the estimation (or dctec tion) of small amoimts 
of an impurity as the emiasion method It was therefoie dec ided to investigate 
the ac curacy with which analyses could be made by the emission method whe ii 


♦Gunther, ‘ Natuiwiss ’ \oI 14 J) 1118 (102«) , Gunther and Stianaki ‘Z Phjs 
Chom,’vol 100, p 413(1023), Stintzing, ‘Z Phva Cheni vol 107, p 164 and vo) 
108, p 61 (1U24) 'Phvs L vol 23, p 4«4 (1U22) and vol 27 p 844(1926), Beckei 
‘ Metallborse,’ vol 14 p 297 (1924), Sterzel, ' Z Tech Phys ,’ vol 6, pp 22, 52. 84 and 
126(1924), Glocker, ‘ Fortsc hr Gcb Roent vol 31 p 90 (1921) Reis ‘Z Angew 
Chem ,’ vol 38, p 240(1926), Hovesv, ‘ C’hem Rev ’vol 2, p 121(1927), Borg ‘Siemens 
Z vol 6, pp 136, 187 (1026) 

t G looker and Frohnmejer ‘Ann Physik,’ vol 76 p 169 (1026), Delauney, ‘ C R 
vol 180, p 1658 (1026), and ‘Bull Soc Ghom ,’ vol 30 p 806 (1926), Gunther, 
‘ Naturwiss vol 14, p 1118 (1926) 

X It 18 only necessarv that the voltage should be less than that required to excite second 
order radiation 
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the errors due to the various factors mentioned above were made as small as 
possible 

Meanuiement of hiienmty of X-ray Lities The measurement of X-ray 
mtensity can be made m two ways (1) by determining the nse m temperature 
caused by the total absorption of the X-ray beam, but this is unsuitable when 
faint X-ray beams are to be measured , (2) by measuimg the effects of the 
electrons ojcetetl from the atoms due to the passage of the X-iay beam This 
latter method is equivalent to counting the number of X ray quanta, which 
may be done m three ways by the use of (a) an ionisation chamber, m which 
the X rays pass through a gas and the resultant lomsation is measured (ft) 
the Geiger counter, in which the photo and the recoil electrons produce a 
sudden electrical discharge , (c) a photographic plate or film, in which the 
electrons ejected in the emulsion render the silver halide pains developable 

The ionisation method has usually been used for measuring X-ray intensity 
Recont measurements of the energy required to form a pair of ions m air, 
however, differ considerably amongst themselves, and discussions of the 
recently adoptc'd unit of X ray exposure (the loeritgen) have emphasised the 
difliculty of measuring X-ray energy by ionisation methods * The character- 
istic features of the lomsation method are (a) the fraction of the energy absorbed 
fier unit volume of the gas used is very small , (ft) this absorption depends on 
the wave length of the ladiation being measured , (c) the currents produced m 
the ionisation chamber vary with variation of the source, and are generally 
very small and consequently difficult to measure For ai curacy m the ionisa- 
tion method, the photo-electrons ejec ted by the X-rays should not in general 
be incident on the electrodes, and there should not be critical absorption by 
the gas The characteristics (a) and (c) make the measurement of a narrow 
beam of X rays of small mtensity, such as occur m spectroscopy, very difficult 
The photographic method has usually been regarded as less trustworthy 
than the ionisation method, although it is well known that self-consistent 
results, and results in agreement with the lomsation method, have been obtained 
for spectral line intensities Experiments carried out in this laboratory, 
however, have shown that the photopaphic method possesses defimte advan- 
tages under certam conditions, and Dr L H Martin using the photopaphic 
method for the measurement of X ray absorption coefficients, is obtaining 
values m very good apeemont with ionisation determinations The features 
of the photopaphic method are (a) the absorption per unit volume m the 

* Crowther ‘ Bnt J Hadiolojiy,’ vol 2 p 176 (1020) , Taylor, ‘ Bur Standards Res ,* 
vol 2 p 771 (1029) 
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emulsion is very much larger than m a gas* , (b) the absorption is dependent 
upon the wave-length , (c) the effect of X-ray beams of very small intensity 
are cumulative, and so with sufficient exposures give measurable photographic 
densities , and {d) permanent records of intensity are made simultaneously at 
a number of places on the plate As m the lonwation method, errors are 
introduced by critical absorption in the emulsion The characteristics (a), 
(i) and (d) give the photographic method great advantages for measuring 
spectral hne intensities Although the relation between density and the 
intensity of the radiation producing it is not the same for all wave-lengths, it 
18 an easy matter to determine this relation for the wave lengths used The 
degree of photographic density can be measured rapidly to an accuracy of 
rather better than 1 per cent bv means of a Moll recording imcro-photometer 

Ejl perment 

The appaiatus de^^'ribed previously was used , only the few modificatipns 
rendered necessary by the nature of these experiments will be mentioned 
here 

The X ray Tube -The hot-cathode, watercooled, metal type of tube with 
easily replaceable targets previously described.t was modified by the intro- 
fluction of a brass tube connected to the central metal portion and surrounding 
both electrodes in the manner described by Martin:{; , this cylinder has the. 
effect of “ hardenmg ” the tube and ensures steailier running conditions, which 
IS especially necessary for quantitative work The running of the tube was 
further improved by the substitution of a four-stage Gaede mercury diffusion 
pump m place of the smaller Gaede pump used previously, and the mercury 
vapour was absorbed in a liquid air trap instead of a potassium trap In 
some of the later experiments, a Phihps demountable MotaUix X-ray tube 
type “ B ”§ (presented to the laboratoiy by the Philips Lamp Company of 
Australia) was used, and proved v< ry satisfactory , the rubber gaskets enable 
jomts to be made rapidly and surely and the tube is quite leak-tight For the 
rather special problem we were engaged m, however, this tube hail two dis- 
advantages In order to run the tube contmuously on a load of half a kilo- 
* A rough oaloulation shows that the absorption in tho photographic film used is about 
12,000 times as great as that of an equal thickness of air, and an ionisation chamber con 
tainlng air at atmospheno pressure would need to be over 3 metres m length if the soma 
absorption os m the emulsion is produced 
t Eddy, I>aby and Turner, loc etl , fig 3, p 255 
X ‘ Proo Camb Phil Soc ,’ vol 23, p 786 (1027) 

§ For a desonption of this tube see Bouweni, ‘ Physics,’ vol 5, p 8 (1025) 
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watt, it was found neccsaary to attach watercooUng jackets to the anode 
block , possibly the necessity for this extra cooling would not arise if well 
degassed targets of high melting pomt were used Further, in spectral 
analysis work it is essential that the only radiation entering the spectrometer 
should anse in the target material itself, and m the tube of our own design 
this was provided for The Phihps tube is so constructed that some scattered 
radiation from the chrome-iron wmdow support can enter the spectrometer 
and thus lines which are due to materials m the tube, and not in the target, 
may be obtained , this objection could easily be overcome by shghtly modifying 
thi window support to enable it to bo faced either with a pure element or the 
material under examination 

Calibration of the Photographic Films — Two kinds of films were used , at 
first Kodak “ superspeed ” duphtised X-ray film with a Wratten hydrokinone 
developer was employed, and later ‘ Agfa ” double-coated rontgen film with 
the special metol-hydrokinone developer recommended for it The Agfa film 
was found to be very satisfactory for quantitative work, as it has a very fine 
and well distributed grain, and a further advantage arises from the fact that 
the emulsion surface is particularly hard and is not easily scratched 

Standardised developing and fixmg conditions were adopted It is 
particularly important to develop at a constant temperature , this was 
accomphshed by developing m a large test tube immersed in water contained 
m a Dewar flask The film was held in a vertical position m the solution and 
constantly agitated , this precaution is necessary when usmg duphtised film, 
as the products of decomposition are removed and development is complete 
and uniform, and chemical fog is also decreased The development of duphtised 
film in flat trays is unsatisfactory, as the deasity obtained is less than for the 
vertical position, probably because fresh developer does not reach the 
underside 

The density produced in an emulsion is not only a function of the intensity 
of the X-rays mcidenb upon it, but also of the tune of exposure t, the wave- 
length X, the nature of the developer, its temperature and time of action As 
18 well known, the Hurter and Dnffield relation D = a -+- y log E holds for 
X-rays as well as hght, where D is the photographic density produced by an 
exposure E (E = It), and a and y are constants for a given wave-length and 
emulsion developed under fixed conditions I is the mtensity of the X rays 
measured as the energy incident per umt tune per umt area on the film, and 
t 18 the time of exposure The photographic action has been found* to be 
• Sobworzsohild, ‘ Astrophya J ,’ vol 11, p 89 (1900) 
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determined by It” Values of p leas than unity have been observetl, but for 
mtemuttent exposures such as we have used p = 1 within the limits of expen- 
mental error * 

The Hurter and Dnffield curve for a given photographic film and for X-rays 
of a definite wave-length {eg , the Ka doublet of zmc) was determined m these 
experiments by photographing these lines with about 15 exposures, four or 
five films being used The potential applied to the tube was a mechanically- 
rectified alternating potential, the RMS value of the intermittent impulses 
being measured by an Abraham and Villard electrostatic high-tension volt- 
meter in parallel with the tube This potential was kept at a definite value 
dunng an exposure by means of a fine-adjustment rheostat m the pnmary 
circuit of the transformer The time mean of the intermittent current through 
the tube was given by a moving coil miUiammcter, the value bemg read at 
intervals of 5 seconds to take into account any small fluctuations The 
intensity of the X-rays enutted for constant conditions of applied potential 
was taken as I = constant (t t) where t is the mean tube current Duimg 
an exposure the crvstal was rocked symmetncally with uniform speed over 
both lines 

The photographic density was measured with a Moll registermg micro- 
photometer The density is defined as the logarithm of the ratio of the 
intensity of the light incident on the film to that of the transmitted hght, the 
hght intensities being proportional to the galvanometer deflections The 
density duo to the line is superimposed on a background duo to the celluloid 
and emulsion, the chemical fog and the contmuous radiation, and it can 
readily be shown that the density of the line alone is given by the logarithm 
of the ratio of the light transmitted by that part of the film affected by fog 
and contmuous radiation to that transmitted through the line Tunes of 
exposure were selected so that the resultant hue densities were such that the 
incident and transmitted hght beams produced galvanometer deflections of 
the order of 10 and 5 cm respectively, so that errors introduced m measuring 
the density were small The Moll galvanometer possesses excellent zero- 
keeping quahties and the time lag of the thermopile and galvanometer combined 
was of the order of 1 second, enabhng films to bo passed through the instru 
ment qmte rapidly 

On plotting the value of the density of the lino against the logarithm of 
the exposure, the usual Hurter and Dnflfield curve was obtained, the pomts 

• Glocker and Traube, ‘ Phys Z ,’ voL 22, p 8415 (1921) , Bouwera, “ Ovnr hot meten 
der intenaiteit van ROntgcnstralen,” Emdhoven, 1924 
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lying well on a smooth curve (see figure) It will be noticed that a straight 
Imo part of the curve is not so much in evidence for X-rays,* and for small 



values of the density a straight line is obtained when density is plotted against 
exposure (or intensity) Graphs constructed from the line were found to 
lie parallel to those for the line From the graph could be read the mtensity 
corresponding to any measured density for any radiation with a wave length 
near to that of the zme hnes Similar calibrations were carried out for other 
wave lengths when required, but the variation m photographic action for the 
film used over a wave length range from 1800 to 500 X U was so small that 
• Soe also Dobson, Griffith and Haiiison, ‘ Fhotographio Photometry p 26 
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the curves could be fitted together by suitably altering the intensity 
ordinates • 

The accuracy with which the calibration (urve could be constructed was 
determined by the steadiness of the tube current and voltage durmg an exposure 
and by the accuracy with which the current, exposure time, and density were 
measured As the relative intensities of certam X-ray hnes are known, it 
was decided to tost the photographic method by measuring some of these 
ratios It IS to be noted that the spectrometer adjustments (particularly 
settmg the crystal m the rotation axis, and centering the X-ray beam through 
the axis) must be carried out very accurately for precise measurements of 
relative intensities Further the crystal must be rocked symmetrically at a 
uniform speed over both hnes , by using an unsymmotrical sweep, or by setting 
a stationary crystal a httle away from the mean reflecting angle, it is possible 
to alter erroneously the observed ratio of the mtinsities of the Ka, to 
hnes from 0 5 to 1 5 

The results for the ratio of the mtensity of the aj to that of the line, with 
the mtensity of the hne, are shown m Table 11 for zinc and silver in the K 
senes, and for tungsten in the L series, as well as the ratio of the to m 
tlie K senes of zinc The values obtained agree well with the previous deter- 
minations and with the theoretical values of 0 50 for tlic a doublet in K senes 
and of 0 10 for the L series, showmg that the photographic method is rehable 
in comparing spectral hne intensities 


Table II 


Zinc Ka Unes 

Intensity a, 
Ratio ag/ai 

14 8 

0 60 

16 6 

0 61 

16 0 

0 60 

17 3 

0 63 

18 1 

0 62 

0 61 

Zinc K lmo8 

Intensity a. 
Ratio /3i/ai 

14 2 

0 28 

10 8 

0 26 

19 4 

0 29 

24 6 

0 27 

31 2 

0 20 

0 27 

Silver K hues 

Intensity 
Ratio a,/a, 

17 0 

0 62 

17 8 

0 63 

21 6 

0 01 

25 6 

0 60 

31 6 

0 61 

0 61 

Tungsten La lines 

Litensity a, 

Ratio a,/ai 

10 4 

0 11 

Itt 7 

0 11 

25 1 

0 11 

2S 5 

0 11 

30 4 

0 10 

0 11 


The contention of Gunther and Stranski that these ratios vary with the 
mtensity of one line is fundamental to quantitative analysis by X-rays 


* Dr L H Martin, working in thw laboratory baa developed a more accurate method 
of film cahbration employing a balance method, and has confarmed this observation over 
the same wave length range 
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Determinations of the relative mtensities of different pairs of lines m the same 
senes of a particular element have been made by Unnewehr, Siegbahn and 
Zacek, Allison and Armstrong, and Webster,* but none of these writers record 
any evidence of a vanation of these ratios with the intensity of one line 
Theoretically, the ratio of the intensities of the lines is the ratio of the prob- 
abihties of the electromc transitions which give rise to the lines, and this is 
constant for a given clement Our results given in Table II show that over 
the range of mtensities considered the ratio remains constant, and there is no 
evidence of the systematic variation found by Gimther and Stranski 

Method of Amlysii, — An attempt was then made to estimate quantitatively 
the amount of an element present in an alloy In order to reduce as far 
possible the errors due to the factors previously discussed, the following 
experimental plan was followed - 

1 Applied Potential — In view of the uncertainty of the relation between 
the mtensity of a lino and the exciting voltage, the lines due to each element 
were photographed separately, the voltage being adjusted in each case to 
exceed the critical voltage for the element by the same amount (usually 
volts) This did not entirely remove the error, however, for the penetration 
of the cathode rays into the target would be greater when the Imes of the 
element of higher atomic number were being photographed, and thus a greater 
number of atoms of that element would be excited Hinci the elements con- 
sidcied were of nearly the same atomic number, this difference in applied 
voltage was so small that the increase in the range of the cathode ravs (as 
calculated from the formula of Bohrf) was very small, and since further the 
increased voltage would tend to dimmish the area of the focal spot by virtue of 
the sharper focusing of the cathode lays, the resultant error was negligible 

2 Homogeneity of tlu Target — Both homogeneous and heterogeneous alloys, 
as shown by the appearance of the focal areas m the microscope, were used 
The elements selected had meltmg points high compared with the temperature 
of the focal spot, so that errors would not be introduced by the volatilisation 
of one element It was found, moreover, that with satisfactory watercoolmg 
of the target, alloys with meltmg iiomts as low as 160° C could be used 

3 Wave lengths of the lines compared — Smee elements of nearly the same 
atomic number were used, the spectral lines which were compared were nearly 

• ITnnewehr, ‘ Phye Rev vol 22, p 629 (1923) , Siegbahn and Zaoek, ‘ Ann Phymk,’ 
vol 76, p 369 (1926), Allison and Armstrong, ‘ Phys Rev,’ vol. 26,|p 701 (1926), 
Webster, ‘ Proo Phys Soo ,’ vol 41, p 181 (1929) 

t ' Phd. Mag ,’ vol 30. p 603 (1916) 
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of the same wave length, so that differences in absorption and photographic 
action introduced no appreciable error Pare was taken that no line was 
used which could undergo a selective absorption either in the target material 
or in another part of the apparatus 

Composition of the Alloys — The various alloys were prepared from the puic 
elements obtained from Kahlbaum The melting was earned out m vacuo to 
prevent oxidation and to produce a ‘ gns-fiee ” target The elements were 
thoroughly mixed by keeping them in a molten state for alxnit half an-hour 
and vigorously shaking them The taiget faces were prepared in the manner 
described previously to prevent eontammation The comjiosition of some of 
the alloys was determined by caieful i hemical analysis, the othei’s by S3inthesi8 
this could be done very ai ciirately when the melting points of the components 
were not too greatly diffeient and oxidation was prevented The suox^ss of 
a synthesis was established when the mass of the allov obtained equalled the 
total mass of the components used 

During the operation of the tube, the target face became contaminated 
with a deposit of tungsten from the filament , as this him of metal of high 
atomic number appreciably absoibed the compaiatively soft X-rays used, th< 
target faces wi lo frequently < leaiud by removing the top layei In this wav 
two or more focal areas were ust d during an analysis 

Exposures — Usually the « lines of cither the K or the L senes were used in 
a comparison Photographs were taken of the hues due to each element in 
turn, the portion of the him where the lines due to one element would fall 
being scieened with a lead stiip while the hues of the other were being photo 
graphed This is particularly necessary when the percentage of one element 
IS small, as dunng the longer exposure required the film is affected by scattered 
or badly focussed radiations The exposures for the two sets of lines weie 
adjusted so that nearly equal densities of a value suitable for the photometer 
were obtained 

Calculation of the imount of an Element -If I be the intensity of a line as 
deternuned from the measured density by using the Hurtex and Driffii Id graph, 
n the number of atoms of tlie emitting element per unit volume in the target 
and i the tube current passing dunng the exposure time t, theu 1 <x: tin ff 
two elements are present together in the focal spot, theu the ratio of the 
intensity of corresponding lines in their spectrum is given by 

li. 

la Vj’ 


VOL cxxvir— I 
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where <j> reprcseuts the efticiencj of production of characteristic radiation for 
the element, and Vj represent the volumes of the target m which the radiation 
18 excited As has been pointed out earlier for elements of neai atomic 
number, *^’i /^'2 written as umt% without the introduction of 

appreciable error, and wi' ha\ i 

_ IiizAo 

Wn IjtiAi 

The ratio of tlu weights of two ilements present Wj'W^ is given by 
where a^, an the respective atomic weights When a binary alloy is 
lonsidercd, W,/\Vj can bereplaied bv \\j/(100 — W^), and the percentage 
of each eleimiit can lie calculated directly 


ResuUa of 4 nahjst s 

The results of analyses of several allovB are given m Table III In general, 
four films wore measured for each alloy, and each film was photometcred at 
four different places across the lines Part of the variation between tlu results 
from the different hlms is due to the experimental errors m determining the 
( xposurc time and the tube current, and in holding the voltage constant In 
addition, since all films were not taken with the same target face part of the 
y anation mav be due to difference s m the composition of the alloy from place 
to place in the target Ex|M‘rimcnts showed that cxiwsiires which from the 
measured values of tA were equal produced equal photographic action to 
within 1 per cent The variation in the results obtained from different places 
on the same him may be due to (1) inequalities m the emulsion and (2) hetero- 
geneity of the target Experiment showed that the second factor was actually 
present , while the intensity of a line varied along its length, the ratio of 
intensities at points on the same level on two lines of a given element was 
constant, but it was not constant for lines of different elements in the same 
target It will be noticed that there is a better agreement between the values 
obtained at different levels when the target is homogeneous than when it is 
not 
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Table III * * * § — Alloy 1 - Cu m Zn Cu 73 00, Zn 27 OOf , homogeneouB 


JFilm 


72 8 

73 0 
78 3 


72 7 

73 5 
73 3 
73 2 


73 O 

72 9 

73 4 
73 6 


Grand mean 73 per cent 
Mean dep t 0 2 per oent 
G - \,jj 0 16 per cent 


Alloy 2 — (’u tn Zn Cu 73 00, Zn 27 OOf , homogeneous 


72 8 

73 0 

72 9 

73 8 


Mean 73 8, 




73 8 
73 1 
73 3 


73 Oj 


73 1 73 3 
73 3 73 6 
73 3 73 I 
73 6 I 71 3 

71 3„ j 7» 3, 


Grand mean, 73 1, per oent 
VI< an Hep 0 3 per oent 
( — V, 0 1 1 per cent 


Alloy 3 - Cu in Zn 


Cu 1 12 per cent 


heterogeneous 


111 , 1 16 

111 1 06 

1 09 i 10 


1 11 1 14 



i 1(1 
1 16 

l 17 


Grand mean 1 13 percent 
Mean dep , +0 05 p* r cent 
C - X, 0 01 per oent 


* The compositions given in this table are from chemical analysis 

t These alloys hod the same composition , alloy I was annealed, alloy 3 had a < ored 
structure produced by rapid cooling 

t The “ mean departure from the mean ” calculated from the 16 readmgs, is used in 
preference to the “probable error,” as the probable error indicates an accuracy greater 
than our experimental errors would pcimit 

§ C — X represents the difference between the results given by chemical and X ray 
methods 
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Table III ■ — (continued) 


Alloy 4 ('ll in Zn (Ju 0 112 percent , heterogeneous 




0 111) 
0 lOH 
0 130 


0 101 
0 108 
0 120 


Moan 0 


lU 


0 lU 


I 


0 128 0 109 
0 121 0 108 
0 128 0 134 

0 121 I 0 118 


Grand mean, 0 117 per cent 
Mean dep , -t 0 011 per cent 
(* — X, 0 006 per cent 


The vaiiation in the mdividnal results for alloys 1 and 4 w verj marked, the 
results falling close to either one or the other of two well defined values Both 
these alloys show, under the mitroscopi, evidence of two different sohd solu- 
tions, and it may be that the variation m the results is due to the predommam o 
of one or the other of these throughout thi focal spot Tin values can be 
divided in the following way 

j I Mean 

I ill 1 11 1 09 I 08 1 04 I 07 I OS i 0 01 

I 1 10 1 19 1 19 1 18 I 1(. 1 10 ] 1 17 (- 0 01 

1 0 110 0 103 0 101 0 108 O 100 0 108 | 0 106 t- 0 001 

I 0 129 0 128 0 m 0 121 0 128 0 134 0 128 ± 0 001 

If it 18 to be inferred that the two sets of values give the composition of the 
two types of crystals, then the X-ray method must be very sensitive to 
variations in the composition of the target This might appear to be a serious 
disadvantage, smee usually raatenals for analysis are heterogeneous, and results 
obtained from small portions of the area of the focal spot (about 3 square 
nulhmetres) and a few hundredths of a milhim tre thick would not neoessanly 
bo true for larger portions An improvement lan be made by substitutmg a 
flat spiral cathode givmg a circular focus of as much as 5 mm ihameter, thus 
enabhng a much larger sample to be used , if the spectrometer sht system is 
placed at glancing mcidcnee to the target face, no great dimmution m the 
energy being analysed results It has been found, however, that even with 
coarse giamed targets no largi errors are introduced On the other hand, 
it would appear to be possible to develop an X-ray method, using a pm-hole 
spectrum of the target, which would give information concerning the variation 


\lli)y 3 
AUoy 4 
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m the chemical composition of the crystals forming the surface of a metal, 
such as is required in investigating problems m conosion 

The results of the analyses of four other alloys are shown together m 
Table fV As m the previous table four readings were taken for each film 
but for the sake of brevity onl\ the nit an foi lach film is given 


Tabic IV 
Type j 


70 8 per cont hn* I Hotnoneneoiw 
29 2 {KF Cl 111 (.1 I 

(ful^ctic) I j 

90 41 per cent I’b I Hi lerogeneoiui j 
39 56 pet cent Tli 
{syntheaiB) j 

12 21 percent /n ^ HeteogenoouR 
in n /n('uSn alloy ' 

(ohenuial nimlyBcti) 


17 UO per cent Sn 
82 95 per cent /n 
(obcimoal «naIyM»«) 


I 


no r. 

12 I 


UeterugeneouH j 

_ J 

Mean of the pubbshed valms for the compositio 


70 8 1 0 1 per cent 

<10 2 t 0 4 iicr cent 


The third column of the table indicates the nature of the target, while in the 
fourth are given the mean values for the composition obtained from each 
film The final mean, as well as the mean departure from the mean calculated 
from the 16 results obtamed for each alloy, are m the last column 
The target used for alloy b was the eutectic of cadmium-tm It was foiuid 
difficult to prepare a sample of this eutectic which was uniform throughout, 
but an mgot was obtained which had a central core of eutectic of about 1 cm 
fhameter surrounded by a layer containing excess cadmium The centre was 
then used as the target, but unfortunately the composition of the core could 
not be calculated from the synthesis The published values for the com- 
position of the cadmium-tin eutectic ere not in good agreement , that given 
m the Landholt-Bornstein Tabellen (1912) is 71 9 per cent tin, m 1927 70 0 
per cent , and the International Critical Tables 72 0 per cent , so we have used 
m preference the mean (70 8 per cent ) of the following values Stoffel 70 69, 
Schleicher 71 4, Ijorentsi and Plumbridgc 70 0, Manzatto 70 0, and Bucher 
72 0* 


• Stoffc.1 ‘ Z Aikorg Chem vol 63, p 14 (1907) , Schleicher, ‘ Inter Z Metall ,’ \ol 
2, p 70 (1912), Lorents and Plumbndge, ‘Z Anorg Chem,’ vol 83, p 235 (1913), 
Mansatto, ‘ Inter Z Metall ,’ voL 4, p 13 (1913) , Bucher, ‘ Z Anorg Chem vol 98, 
p 106 (1916) 
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Alloy 5 18 (with the exception of alloy 8) the only one in which the two 
elements compared are not of adjacent atomic number Here the difference 
m atonuc number (Cd = 48, Sn = 60) is associated with a difference in 
excitation voltaf^e of 2,400 volts compared with differences of only 800 volts 
for the copper ^mc, and 600 volts for the lead-bismuth alloys, and this would 
possibly increase the radiation from the tin as the penetration of the cathode 
rays would be a little deeper when the tin lines were binnf!; photographed , 
further, tin K lines of tin will be subject to slightly less absorption than those 
of cadmium The effect of these two factors would make the X-ray analysis 
value for the tin content a httle higher than the true value, and we conclude 
that the cadmium tin eutectic does not contain more than 71 1 per cent of 
tin, and possibly a little less 

With this alloy an analysis was also made by comparing the intensities 
of the Kag hues, the mean value of 71 3 per cent agreeing well with that of 
711 per c,ent derived from the ai hnes 

A further result of interest was obtained with this alloy The critical 
absorption edge of cadmium is of longer wave-length than that of the 
Ime of tin, and the Une would therefore suffer selective absorption , it is to be 
expected tliat the n suit obtained from a comparison of the lines of the two 
elements would give too low a value for the tin content Measurements showed 
the apparent amount of tin as Gi 1 per cent , illustrating the magmtude of 
the error due to selective absorption Tins erroi would be increased when 
deahng with alloys of greater cadmium content 

The terniary mixture of copper, zinc and tin in alloy 7 was investigated to 
determine whether the relative intensities of the lines of two elements would be 
influenced by the presence of a third Coster and Nishina found that the 
presence of a third component changed the relative intensities of the hnes 
due to the other two elements , for example, with a mixture of SnO and SbjOj 
contaimng equal numbers of tm and antimony atoms, the ratio of the La 
hnes of antimony to tm was found to be unity when 88 per cent of CaS 04 
was added, but mcreased to six when the amount of CaS 04 was reduced to 
zero The reason for this result is not at all obvious, but as Coster and Nishma 
had used the “ rubbed powder ” method of preparing their targets it was 
thought advisable to test this pomt with an alloy target 

With this mixture of three components it was not possible to determine 
directly the amount of one element present , instead the ratio KiXiZn KajCu 
was detennmed and the zme content calculated from the known copper content 
The results obtained show no evidence of the effect found by Coster and Nuhina 
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The analysis of alloy 8 was earned out to determine the cirors involved 
when two elements of very different atomic number arc compared In this 
(.ase, tin (N = 50) requires an excitation potential of 29 1 kilovolt, while 
zmc (N = 30) needs only 9 b5 kilovolt The depth of the focal spot when 
the tin lines were boin^ photographed was consequently a great deal largei 
than for the zinc lines , in addition tin absorption experienced by the ziik 
hnes (X = 1415 X U ) was muih greatei than by the tin bnes (X = 494 X U ) 
the total effect of these two factors being to greatly increase the apparent value 
of the tin content 

A survey of all the results obtained shows that the mean departure from the 
mean is about 0 5 per cent when tlu element occurs in amounts of 50 per 
cent or more, and is as htth as 0 01 per tent when impurities of aliout one- 
tenth of 1 per cent are being estimated * While the accuracy reached with 
larger proportions docs not approach that obtainable under favourable con 
(litions by chemiuil analysis it apfuars that for lower proportions than 1 
per cent the method may be extremely useful 

it 18 evident that the mtcnsitv of the emission lines is directly proportional 
to the amount of the eleiin nt present in an alloy, and results of reasonable 
accuracy can be obtained when elements of adjacent (oi nearly adjacent) 
atomic number are being compand Direct determinations of amounts of 
elements of widely dififeient atomic number would only be possible when 
preliminary experiments detei mining the effect of the variation of the pene- 
tration of the cathode rays of various velocities into *he particular target 
material being investigated, and the variation of the absorption and photo 
graphic action wuth wave-length ha\'e been earned out A simple scheme for 
perfonmng routine analyses, such as would be needed in most general apphea 
tions of the method, and which is not affected by differences m atomic number 
and wave-length, is at present being developed The theory of the methoil 
will be given in a later paper, but the results of some preliminary experiments 
are of interest At the request of the Electrolytic Zinc Company of Australia 
the lead content of a scries of /inc-lead alloys was determined The amount 
of lead present varied between 0 1 and 0 01 per cent , and, as each sample 
was not more than 5 grams m weight, chemical analysis was difficult and 
would involve micro-chemical methods One sample with a lead content of 

• The agreement between the i alues gi\on by chemical analysis and by X rays usmg the 
photographic method is very good evidence that the photographic plate can be used to 
measure the intensity of even very weak X ray beams to an accuracy of rather betti r 
than 1 per cent 
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0 087 per cent taken from a large ingot for which the same diffaculty of 
analysis did not anw was used as standard, and the L« hnes due to it were 
photographed with a given exposure Equal exposures were then made with 
the other samples, and the amount of lead present m each calculated from the 
ratio of the intensities of the hnes obtained from the unknown and standard 
samples Results for the alloys of unknown lead content ranged from 0 064 
to 0 008 per cent , and although no analysis by another method was earned 
out, these yalues were in good agreement with othii evidence as to the com 
position of the samples 

Tins method has the veiy great advaiitage that, provided equal exposures 
are given, the results are not affected by any of the factors discussed earher 
118 the incident cathode rays have the same velocity, the volume of the focal 
spot IS constant, and the same wave-length is used throughout It is neoessarv 
that the voltage should be maintained at tlie same average value during each 
exposure, aud that the average current and the time of exposure should be 
measured accuiateh The disadvantage that a sample of similar composition 
containing a known amount of the element being estimated is required may bt 
overcome after further work has been done 

TAe Effect of Hctei ogcneity of the Target — The degree of heterogeneity of 
each alloy studied was found by mierosiopu examination In Plate 1, fig 2 
tlie mioto-photographs of the more relevant specimens are shown We liave 
to thank Prof Greenwood and Mr G B O’Malley of the metallurgical laboratory 
for advice and assistance m preparing the alloys, and Mr H P Russell and 
Mr R S Matthews for polishing the specimens and takmg the photographs 
As several of the alloys were very soft, it was difficult to pohsh and etch the 
surfaces to show their structure and to obtain photographs with satisfactory 
contrast The photograplis show a number of castmg flaws due to casting 
small ingots tn vacuo With the exception of C, the area shown in each photo- 
graph 18 about one-fafth of that of the focal spot , the width of the focal spot 
is approximately equal to the ibameter of the photograph 

The structure of alloy 1 (copper 73 per cent in zinc, homogeneous) is shown 
m A, with that of alloy 2 (the same composition, but cored by rapid roolmg) 
m B The X ray analysis showed no evidence of the effect of the different 
structures for these two alloys 

The structure of alloy 4 (0 1 per cent copper in zinc, heterogeneous) is 
shown in C, which is a macro-photograph Microphotographs of this alloy 
show crystals of two different sohd solutions, but with poor contrast A 
similar structure was found for alloy 3 (1 1 per cent copper in zinc) and it i8 
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probable that the two concentrations given by the X-ray analysis of alloys 3 
and 4 correspond to these two solid solutions In this photograph, the area 
shown IS 1,200 tunes that of the focal spot In spite of the large apparent size 
of these crystals, microscopu examination showed that it was impossible to 
find an area on the surface as large as the focal spot which did not contain 
several crystals of each kind 

The central core of cadmium tin eutectic (about 70 8 per cent of tin) of 
alloy 6 18 shown in D The last two photographs show the most heterogeneous 
alloys used , in E the lead bismuth alloy (> (60 2 per cent lead) shows crystals 
of widely different composition, and in F the copper-zinc tin alloy 7 (copper 
7 } per cent , zinc 12 2 per cent , tin 14 8 per cent ) with crystals of throe 
different compositions Even with such heterogf noous targets as these, no 
difference was notiooil betw’een analyses from ibflorent foi al spots indicating 
that only with heterogeneous alloys with very large crystals would the X-iiiv 
method of analysis be likely to givi inaccurate results 
('omjxmnon of the X ray Emwon mth other Methods of Spectial Amhjsis 
Results obtained with the X-ray absorption method* agree to within 5 per 
cent with those of cherau'al analysis, and ate therefore less accurate than those 
obtained with the emission method The method has advantages when 
hquids and powders are being investigated, but it does not appear to be appli 
cable to mixtures in which the amount of the impurity is Jess than 1 per cent , 
as the absorption edges arc not then well defined With mixtures containing 
elements of both high and low atomic number, long exposures arc required to 
record the long wave length absorption edges, as the X-rav beam is greatly 
reduced m intensity by the elimcnts of high atomic number Further, it is 
impossible to analyse metals unless the y are m the form of thin sheets, and 
during the preparation of these sheets it is very easy to introduce impurities 
The X-rav emission method of quantitative analysis possesses definitt 
advantages ovir an optical method particularly as the optical methods arc 
generally not satisfactory above 1 per cent , and the lower limit of detection 
of some elements is about 0 01 per cent Where it is apphcable, however, 
the optical method is more rapid, requires a less expensive equipment, and the 
technique is simpler It is to be expected, therefore, that until the X-ray 
emission method is simphfied it will be applied more particiilaily m cases 
where other methods fail, and where expensive apparatus and skdled workers 
are available It should be of value also m testmg the purity of samples of 
the metalhc elements mtended for the accurate determination of physical 
* Qlooker and Frohnmeyer, {oc ci< , Gunther, ‘ Nsturwiss ,’ vol 14, p 1)18(1926) 
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properties such as electrical and thermal conductivities, which are greatly 
i hanged by the presence of small amounts of impurity 

We again desire to thank Dr Ian Wark foi carrjnng out the chemical 
analysis of the alloys and we are indebted to Mr H C Webster for correcting 
the proofs of this paper Part of thi cost of the investigation was met by 
the gift of the Vidonan riiambei of Manufactures to the University of 
Melbourne 


The Theory of Metalltc Corrosion in the Light of Quantitative 
Memuremenli - Part 111 
Bv (} D BhNoovoH, J M Stuart, and A B Lee 
(( 'oinnuinicated by Sir Harold farponter, F R 8 — Received December 18, 1929 ) 
IPlate 2 ] 

The present paper describes an inv< stigation into the degree of reproducibility 
obtainable by the oxygen absorption method of measuring corrosion, and 
gives comparative results foi this and the loss of weight method The work 
described in Part II* which dealt with the < oriosuui of rmc in dilute potassium 
chloride has been extended up to 4N solution, and to a senes of potassium 
sulphate solutions from N/10,000 to N 

Slight vibration of the apparatus has been found to have been the source 
of error in three of the experiments described in Part II, namely those per- 
formed in N/200 and N/10 Kf’l The corrosion time i urves for these solutions 
show too steep a slope owing to convection of oxygen set up by the vibration. 
Curves moie nearly representing corrosion in truly stagnant conditions arc 
given in fig 4 of the present paper The effect of vibration was only important 
in those experiments which were controlled by the rate of oxygen supply 
whereas most of the experiments of Part II were controlled by the concentra- 
tion of chloiine ions 

Most of the experunents for the present paper were performed in conditions 
in which the rate of oxygen supply was the controllmg factor Accordingly 
special precautions have been taken agamst vibration 
In the latest apparatus the thermostats are mounted on brick pillars, built 


‘Roy Soc Proc.’A, vol 121, p 88(1928) 
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up from the concrete ground floor of the laboratory, whicli carry three 3-inch 
steel girders covered with planks, 1 6 inch thick All accessory gear, such as 
motors and stirrers, is carried independently of the thermostats on shelves 
attached to the laboratory wall The corrosion vessel is seated in a recess 
m a brass holder placed on the bottom cjf the thermostat and is held above 
the water level in a clamp attached to the wooden casing of the thermostat 
lagging 

The manipulation and general conditions of I he e\pc innents have been kept 
similar to those used for the earlier work with the following alterations The 
electrode vessel shown in hg I is now used instead of that shown on p 439 of 



Fio 1 —Electrode Veeeel 
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the Proceedings,’ A, vol 116, 1927, the new design is preferred for its 
greater strength For dissolving the salt for strong solutions the apparatus 
shown in fig 2 is used The salt required is weighed directly into this vessel, 
and A of fig 2 is attached to B of fig 1 by a rubber stopper The salt contains 
entangled air and the vessel should be swept out with purified an after making 
connections with the electrode vessel as descnbed in Part II Conductivity 
water is then pasatd to and fio from the electrode vessel, till all the salt is 
dissolved For making up dilute solutions a vessel is used similar to that 
shown at 1 of hg 2 of Part 1, except that glass baffles have been attached to 
tlu central tube, for the purpose of checking loss of spray during evaporation , 
the baffles are notchcil to permit th* insertion of a fine tube down the side of 
th< vessel 

H< pfod ULibihly 

Much of th( litnatun on corrosion work on totally immersed specunens 
shows failure to inaintam a reasonable degree of agreement between supposedly 
duplicate experiments Occisionally remarkable agreement is obtained,* 
while another scries of evpeiimcnts jicrformcd under apparently similar con- 
ditions, shows wide dis< repancies Sometimes the discrepancies are put down 
to variations in the metal samples but without evidence independent of the 
t orrosion results, though it is clear that the discrepancies may be due mainly 
to factors of the t n\ ironments, some of which are difficult to control Few 
papers purporting to give quantitative results state quantitatively the con- 
trolling factors under which they were obtained or provide evidence that a 
leasonable degree of reproducibility was maintained throughout One of the 
principal objects of the present research is to ascertain the degree of repro 
diuibility attainable in the presence of defined controUmg factors, which, 
so fai, have bom (1) oxygen control (2) ion control 
The duplicate expi nraents of Tabic I and fig 3 show the ordei of repro- 
ducibility reached with zme The general table of results at the end of the 
paj»er gives further details of these and other experiments 
A Reproducilnhty iw Condttimw of Oxygen Control - term “oxygen 
control ” is used m this paper m the following sense 
A metal is said to be corroding under oxygen control when the rate of cor- 
rosion IS increased by an increase m the rate of oxygen supply (by such means 
as alteration of partial pressure, size of vessel or convection currents) The 
• Heyn and Bauer, ‘ Mitteil KCmg Materialprttfungaamt,’ sol 46, p 100, etc , Newton 
Fnend, ‘ J Iron & Steel Inst vol 117, p, 644 (1028) , Evans, ‘ J Chem Soc ,’ p 123 
(1929) 
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tia 3 —Curves showing RppiCMliicibihtv (Oxygen Absorption) 


toirosion-time curve is a straight lini th< slope of which is dctcrminul by the 
rate of oxygen supply The maximum possible rate of corrosion under oxygen 
( ontrol for a given metal is fixed bv the partial pressure of the oxygen, the 
( onhguration of thi apparatus, the nature of the liquid, the uniformity of 
conditions and mechanical stabilitv, but within this rate tin same metal 
may corrode at different rates m diffc rent solutions The diffi rent rates of 
( orrosion of the same metal in different solutions of the same salt which possess 
differences of oxygen solubility too small to account for the different rates seem 
to be most simply explained on the hypothesis of effectively restricted cathodic 
areas As the concentration, and therefore the conductivity of the solution 
IS increased the effective cathodic area is also mcreased The restriction of a 
cathodic area may be due to its characterisation by a special kind of metallic 
surface or film, or to a rapid fall of hydrogen concentration outwards from the 
anode, so that depolarisation takes place very slowly beyond a certain distance 
Fig 3 shows that m N/KCl the slopes of the curves for experiments A92 



Theory of Metallic Corrosion 


47 



Fio 3 4. — ( 'll! \ < s showing Rpproducibihty (Total OorroMioii) 

And A107 correspond to an oxygen absorption of 0 7‘26 and 0 714 co per 
day , the difference of these from the mean value is ±0 7b per cent 
Experiments A89 and A 105 in N/200 KCl show that oxygen control was 
maintained for the period of 1 to 20 days The slopes correspond to a rate of 
oxygen absorption of 1 OOfa and 1 635 c c per day respectively These 
duplicates chffer from the mean value by ± 0 95 per cent 

In experiments A84 and A85 with N/1000 KCl oxygen control was only 
maintained for the period between about 1 and 14 days, and the slopes corre- 
spond to 1 382 and 1 377 c c per day 
The difference from the mean value is ± 0 2 per cent 
The slopes for N/10 KgSO^ m experiments A98 and A104 correspond to 
I 41 and 1 38 c c per day respectively , the difference from the mean is 
rh 1 per cent The slope for A98 has been taken from the curve between 20 
and 40 days , this is closely similar to that between 1 and 12 da>s , between 
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1 2 and 20 days the slope is slightly different, but the authors can suggest no 
reason for this temporary alt(*ration 

Straight line curves for A86 and A87 in N/1000 KjS04 were only obtained 
for 5 or 0 days, after which control passes over to the (SO4) ion concentration 
The slopes are 1 41 and 1 14 e e per day and the difference hom the mean is 
loss than d: 1 P^r ceot 

The fact that the slope of the curve for N/IOOO KCT agrees with those for 
N/1000 and N/10 K^.Sf)^ means that in all three solutions approximately the 
same proportion of the total metallic area is functioning as cathode 

The above results with othois summarised in fig 8 show that the rate of 
oxygen supply to thi specimens in the present senes of experiments vanes 
with the ( oncf ntration of the solution from a maximum of I 76 c c pei day 
in N/10 K('l to a minimum of 0 10 m 4N KOI, and that m experiments con 
trolled bj oxygen in this range it is possible to obtain reproducibility sm h th it 
the difference from the mean of two expenmenta is not greater than ± 1 pei 
cent Any diffeience greati'r than this may itasonabl^ be set down to some 
factor or factors connected with the metal 

B R( pnxitK ihililif ttt Vouditiom of Ion Cotvtwl — Data have alieady been 
given ill Part I of this leseaich on reproducibility under control by chlonne 
ion concentration In N/20, 000 KOI it was less than ± 1 per cent This was 
exceptionally gootl, for in N /10,000 it was only ± 4 per tent and was worse 
for the hrst few days when the possible errors in observation wore large m 
proportion to the total c-orrosion Table II shows more recent results foi 
N /10,000 KCl taken from Part II , here again the reproducibihty is poor for 
the first 5 days, but improves and becomes satisfactory after about 10 days 


Days 

I \ 50 

6 1 4 24 

10 7 go 

20 I 10 92 

30 ! 12 04 

40 I 12 41 

50 I 12 58 

Fig 3 of the present paper shows that m N/1000 solutions after oxygen 
control has ceased and ion control begun reproducibility is liable to vary 


Tabic II 



4 00 4 61 1 4 28 I 0 61 ±7 0 

7 15 7 76 7 47 0 60 ±4 0 

1(1 35 10 38 10 55 0 67 ' ±2 8 

11 47 1 11 42 11 64 0 43 I ±2 0 

12 00 12 OJ 12 16 0 41 ±17 

12 26 12 60 12 44 0 33 ±13 
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For A84 and A85 the variation from the mean value is ± 1, for A86 and A87 
it 18 ± 4 It 18 possible that part of these variations between duphcates may 
be due to small differences m the total volume of hquid used, which becomes 
important in conditions of ion control Special precautions were taken to 
ensure constancy of depth of immersion and cross section of vessel in all 
experiments, smce these dictate the rate of oxygen supply , m the authors’ 
apparatus it is difficult at the same tune to keep the total volume of liquid 
absolutely similar m all the experiments, and there has been a possibihty of 
about 1 per cent variation m volume in these experiments Precautions are 
now being taken to eliminate this source of error, which only affects those 
few experiments which are under ion control 

Factors which hmtt Reproducibility 

The necessity for annealing the metal after shaping has been shown in the 
earlier parts of this research For metal so treated the principal factors 
which limit reproducibility are 

1 The Presence of Metallic Impurities — ^Even the small quantities of 
metallic impunties which occur in high-grade electrolytic zinc may affect the 
corrosion process It has already been shown in Part II of this research that 
there is no appreciable evolution of hydrogen gas from the “ spectroscopically 
pure ” grade A zinc of the New Jersey Zinc Company m N/10,000 KCl solution, 
whereas measurable quantities of gas are evolved from the less highly purified 
electrol 3 rtic zme In N/IO KCl about one fifth of the volume obtamed from 
the latter was obtained from the spectroscopically pure metal, the comparison 
being made when a total corrosion of 266 mgms had taken place It was 
shown in Part II that the rate of evolution of the gas was proportional to the 
total corrosion* in the range 0-126 t c of oxygen absorption in N/10 KCl, 
and this was interpreted to mean proportionahty to the production of films 
of metallic impurities of low over potential The fact that a small amount of 
hydrogen can be evolved from zinc which contains no metalhc impurity which 
can be defimtely detected by the spectroscope suggests that this mterpretation 
must be modified , evidently a slow rate of hydrogen evolution can occur 
when over-potential has been reduced by the fine-scale roughemng of the 
zme produced by a relatively large amount of corrosion In ordmary samples 
of zme the rate of evolution of the gas wiU, nevertheless, be deterrmned mainly 
by the presence of metallic films of low over-potential, and since hydrogen gas 
evolution is responsible for from 6 to nearly 18 per cent of the total corrosion 
• See fig 3, ‘ Roy Soc Proo A, vol 121, p 96 (1928) 
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the quantity, distribution, and physical nature of these films may be a factor 
which limits reproducibility It seems unlikely that the small amount of 
rapuntv present m the electroljrtic zme affects appreciably the rate of oxygen 
absorption smee this is closely similar to that for the spectroscopically pure 

1 The Presence of Convection Currents - -Convection currents are considered 
to be the most important factors m preventing reproduoibihty m conditions 
of oxygen control The authors’ experiments are conducted m conditions m 
which these currents have been reduced to an amount that is constant for 
each solution They have not been ehnunated altogether because of the 
nature of the corrosion process which is characteristic of stagnant solutions 
beneath an atmosphere of oxygen Corrosion removes oxygen from the layers 
of the liquid next the metal , this oxygen is ultimately replaced by solution at 
the hquid surface, and a gradation of oxygen concentration is set up throughout 
the body of the hquid This gradation gives nse to — 

(1) Oxygen diffusion owing to the concentration gradient 

(2) Convection owing to the increased density of the highly oxygenated 
surface layers of the liquid 

It 18 possible to calculate approximately the proportion of the total oxygen 
conveyed by each method m < ertain experiments From the measurements of 
Hiifner* it was shown in Part II of this research that nearly 0 6 c c of oxygen 
per (lay could reach the metal surface by diffusion The maximum amount of 
oxygen that can be supplied for corrosion of zinc per day is about 1 75 o c 
in solutions withm the concentration range N/50 to N/10, i e , when the cor- 
rosion rate is at its maximum In these solutions, therefore, nearly onc-third 
of the oxygen used may be supplied by diffusion and about two thirds by con- 
vection , actually convection currents are probably responsible for a greater 
proportion since they tend to lessen diffusion In strong solutions the pro- 
portion will be different owing to the lowered solubility of oxygen which will 
dimmish convection currents more than diffusion rates 

The principal sources of convection currents in corrosion experiments are — 

1 Temperature changes 

2 Movement set up in the hquid by vibration, etc 

3 Density changes in surface layers set up by evaporation 

4 Density changes in surface layers set up by oxygen absorption 

(1) Temperature changes of a magnitude of two or three degrees have 
•‘Ann Phys Chun ,* vol flO, p 134 (1897) 
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occurred, at rare intervals, during the course of these experiments , normally 
the variation from the mean temperature of 25° C , does not exceed ± 0 05° C , 
which 18 without appreciable effect on the measurements The larger varia- 
tions always produce a temporary increase m oxygen absoiption in con- 
ditions of oxygen control because the effect of the resulting convection ciu rents 
IS far greater than the effect of the alteration of oxygen solubilit> In con- 
ditions of ion control no important change is produced by a temporary 
variation of one or two degrees A slow rate of temperature change such as 
2° C per day has not shown any advantage over a rapid change of ‘2° C per 
hour Table III illustrates some of the points just mentioned 


Table III — Effect of Temperature Variations Normal Temperature 25° C 



Control by chlonno ion 
concentration 

Control by oxygen 


Tempera 


DaUy 

Tempera 


Daily 


turo 

Days 

oxygen 


1 Days 

oxygen 


«c 


abs c 0 

( 


abe c 0 


2S 0 

1 2 0 1 

1 10 

26 0 

1 27 

i 141 

Temperature rise i 

26 0 

3 9 ' 

1 

0 96 

26 0 

1 " 

2 74 

1 (for 2 days) 

1 


86 96 


1 

j 85 9 



26 0 

4 9 

1 1 06 

\ 26 0 

0 7 

3 32 







I (for 2 daysl 


26 0 

9 0 ; 

0 91 

25 0 

1 ' ’ 

1 39 




N/IOOOOKQ 


1 

N,200KC1 





25 0 

! 1 

1 0 26 





26 0 

i 2 75 

[ 0 !•) 

Temperatore fall to 




2i 6 


! 





25 0 

4 76 

1 31 







(for 2 days) 





26 0 

6 75 

0 37 





26 0 

6 75 

0 20 







4NKC1 


(2) It seems probable that the great effect of shght vibration on coriosion 
in apparently stagnant water under conditions of oxygen control has not 
been generally realised In the ordinary type of corrosion experiment the 
effect would be entirely masked by the much larger convection currents due 
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to evaporation and temperature changes Vibration is not neoessardy absent 
when no movement of the surface of the liquid can be seen— the sensitive 
mercury horizon test shoidd be apphed to the supports which carry the 
thermostats 

(3) The iffect of evaporation has probably been one of the most important 
factors m diminishing the reproducibihty of experiments carried out m open 
beakers except when special arrangements have been made, such as those of 
U R Evans* , even with these, changes of atmospheric pressure might affect 
results In the present senes of experiments evaporation has been reduced 
to a neghgible factor by the use of closed vessels kept at nearly constant 
temperature and pressures 

(4) The density changes produced by the absorption of oxygen in the surface 
layers of bquid are regarded as an essential part of the corrosion process and 
no attempt has been made to interfere with them 

In Part II of this research the statement was made that “ reproducibility 
is artihcially favoured by cutting down the oxygen supply to a small fraction 
of that which could be utilised by the metal under teat Even moderately 
large differences of reactivity may then be masked , m fact only metals which 
corrode so slowly that they cannot make full use of even the restricted supply 
of oxygen will be clearly distinguished from others ” The experimental 
evidence now available requires modilicatiou of this statement If the whole 
or an exactly similar proiiortion of the surfaces of the metals under comparison 
function as cathodes thin the relative rates of corrosion of these metals will 
remain the same whatever the numerical value of oxygon control Repro 
ducibility will only be ‘ artificiallv favoured ’ if the amount of corrosion is so 
reduced that the absolute difference between two experimental results is too 
small to be detected by the methods of measurement employed W hen zinc 
and mild steel are tested by the standard method of this research, no such 
artihcial favouring occurs 

Compansoti bfiween Oxygen- Absorption and Loss of Weight Methods of 
Measuring Corrosion 

In Part II of this research Tables II and IIa gave some comparative measure 
ments of corrosion by oxygen absorption and by loss of weight The latter 
method requires a correction for the attack on the metal by the acid used ui 
removing corrosion products This was obtained by measurement of the 
hydrogen gas evolved during the acid treatment and a calculation of the 
• ‘ J Chem Sot p 120 (1920) 
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corresponding weight of metal attacked , this was then deducted from the 
total loss of weight, and the result was called corrected loss of weight An 
additional series of comparative measurements are given in Table IV 


Table IV — Comparison between two methods of Measunng Corrosion 


I 

II 

III 

IV 

iSuedmon 

Corroding 

Zinc by 
oxygen 

Zino by 
loss of 
weight 
(uirrected) 

No 

liquid 

absorption 

Mgr« 

A93 

KCl N/2 

2069 9 

2020 71 

494 

KCl N/5 

655 0 

667 72 

A95 

KCl N/(W 

489 7 

481 S3 

A96 

KCl N/10 

1578 9 

1582 33 

407 

K,S 04 N 

541 6 

046 21 

498 

K,&0, N/IO 

1050 5 

1022 28 

A99 

K,804 N/50 

821 1 

700 17 

AlOO 

K,S0« N/10000 

25 7 

24 00 

AlOl 

K,804 N/200 

316 I 

114 H 

A102 

K,804 N/5 

KCl N/6 

591 1 

592 06 

4103 

691 7 

703 46 

A104 

K,804 N/10 

400 8 

461 54 


V 


VI 


Mean value 
of tino 
corroded 


PeruuntAgo 
vaiiation of 
oolumtu III 
and IV from 
mean 


2044 81 0 74 

tt6« 4 i 0 2 

485 0 ' 08 

1580 (j 0 11 

54^ 0 0 4 

1036 4 ' 1 16 

805 7 1 10 

24 » I 34 

314 6 , 0 2 

591 6 01 

697 6 09 

4M 2 0 1 


In June pairs of measurements out of twelve the differences of caeli from the 
mean of the two does not exceed ± 1 per cent , m the two others the difference 
18 less than ± ^ per cent , and m the other the actual difference measured is 
less than 2 milligrams, though the percentage difference is d 18 The dis- 
crepancy with specimen A98 is probably due to the oxygen absorption experi- 
ment m which the hydrogen measurements gave rather erratic readings dunng 
the last few days The cause of the discrepancy with A99 is unknown, for 
both the oxygen absorption and total-corrosion curves seem quite satis- 
factory, and no residual corrosion products could be detected by the micro- 
scope after the loss of weight determinations 
The results of Table IV as a whole show appreciable improvements over the 
comparative results of Table IIa of Part II of this research The fact that two 
different methods of measurmg the corrosion of a single specimen show such 
satisfactory agreement over a senes of oxpenments, and that two different 
specimens show satisfactory agreement when tested by one of these methods, 
appears to foreshadow a sound quantitative basis for corrosion research 
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The Effect of Concentration on Corrosion 
Corrosion- tune curves for true oxygon absorption and total corrosion are 
given in figs 4 and 5 for potassium chloride solution, and m figs 6 and 7 for 
potassium sulphate Rates of corrosion are plotted against concentration 
in fig 8 



Pig 4 — Variation of True Oxygen Absorption with Concentration of KCl 
In chloride solutions it will be seen that — 

1 The rate of corrosion increases with concentration up to a maximum which 

occurs over the range N/50 to N/10 This corresponds to the “ critical 
concentration ” of Heyn and Bauer’s work on iron * 

2 The maximum rate is not reached immediately oxygen control replaces 

ion control, le , at about N/6000 

3 The rate of corrosion falls over the range N/10 to 4N 

* ‘ Mitt K Matenal prttfungsamt,’ vol 20, p 2 (1908) 
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4 The curve for the solubihty of oxygen is related to the curve for the rate 
of corrosion m a rather complicated manner which is discussed below 



TIMr IN OAVS 

ha r> — Vanation of Total Corriwiion with Coir ont ration of K.CJ 


n An mcrease m corrosion rate occurs durmg a period which corresponds 
roughly to 70 80 c c of true oxygen absorption throughout the range 
N/10 to 2N KCl 

6 After this period the curves in this range are approximately straight lines 

for periods extending up to at least 200 days from the beginning of the 
experiment 

7 In dilute solutions the straight hne curves characteristic of oxygen control, 

change to short branches which arc probably exponential in form, and 
these into straight hues of low mchnation to the time axes 
The reason why the rate of corrosion mcreases with concentration up to a 
maximum seems to be that the increase in the concentration of chlorme ions 
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increases the active cathodic area, so that a greater amount of oxygen tan be 
utihsed m the corrosion process When the whole of the area of the metal is 



TIME IN DAYS 

1*10 (I — Variation of True Oxygen Absorption with Conoontration of KjSOj 

active either as anode or cathode the maximum rate of corrosion is reached 
and this occurs m the range N /50-N /lO Between N /6000 and N /200 a range 
occurs in which only a portion of the total metallic surface is developed as 
anode or cathode, and the rate of oxygen supply to the relatively restricted 
cathodes dictates the rate of corrosion, smee there is a sufficient supply of 
chlorine ions to feed the corresponding anodes m the early stages of the experi- 
ment In still more dilute solutions and in the later stages of stronger ones 
the supply of chlorine ions becomes so diminished that they cannot feed the 
anodes as fast as the oxygen supply can reach even the relatively restricted 
cathodes , consequently the rate of corrosion falls with, and is solely controlled 
by, the concentration of the chlonne ions 
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Throughout the range 0 to N/10 KCl the alteration m the solubihty of 
oxygen with concentration is so small that it has a negbgible influence on the 



TIME IN days 

Fio 7 — Variation of Total Corrosion with Concentiation of KjSO^ 

rate of corrosion, but beyond this range its influence causes a decrease in the 
corrosion rate Fmally the rate is so diminished that m 4N solution it amounts 
to less than one-fifth of the maximum rate 
The mcrease m corrosion rate which occurs when corrosion corresponding 
to about 70-80 c c of oxygen has been reached is connected with the increased 
rate of hydrogen evolution which occurs at about the same time This evolu- 
tion sets up convection currents which probably cause an increased supply of 
oxygen at the cathodes, and, consequently, an increased corrosion rate This 
explanation of the mcreased slope of the corrosion-timo curves appears pre- 
ferable to the suggestion made m Part II that it was due to mcreased cathodic 
efficiency due to roughemng of the nno surface 
The falling over of the oxygen controUed straight hne curves in strong 
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1 10 8 — Vnnation of CorroBion Rato with ('oncentration of KC'l and 

solutions which still contain a considerable concentration of Cl' or SOj" ions 
such as N /50 K^S 04 (A99 of fif? 6) is apparently due to the gradual accumula- 
tion of (orrosion products which increase the electneal resistance to the 
corrosion current 

Duruig the period of oxygen control the slope of a curve is determined bj 
the rate of ( athodic depolarisation and any slight increase of resistance mtro- 
duced into the circuit does not therefore alter the current, nor consequently, 
the corrosion rate , but when the increase of resistance passes a certain value 
the current is lessened and cuts down the cathodic displacement of hydrogen 
to an amount that is less than the amount that can be oxidised in the con- 
ditions of experiment, and a fall in corrosion rate occurs 


Corrosion in Potassium Sulphate Solutions 
In general the phenomena are similar to those m potassium chloride The 
corrosion-time curve for N/SOOO K,S 04 was found to be exponential between 
2 and 15 days, as shown m hg 9 , in stronger solutions oxygen control obtains 
after the first day or two and straight bne curves persist for con- 
siderable periods In some details the curves differ from those for similar 
chlonde solutions, as shown by comparison of figs 6 and 7 with figs 4 and 5 
These differences may be summarised as follows — 
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1 Iq conditions of ox) gen contiol the slopes of the straight bnes are usuallj 

less m equivalent solutions, but the initial rates which are characteristic 
of the first day are usually slightly greater (see Table V) 

2 In dilute solutions the straight line curves are not maintained for so 

long as m equivalent chloride solutions 
1 The maxi m um corrosion rate occurs approximately over the range N /200- 
N /50, i e , in more dilute solutions than in chlorides (see fig 8) 

1 Increases m the slopes of the straight lines, such as normally occui in 
the range 70-80 c c of oxygen absorbed in chloride solutions are less 
pronounced and generally occur m the range 40-60 c c 

The principal causes of these differentes seem to be — 

1 The slightly lower solubility of oxygen in sidphate solutions (see fig 10) 

2 The greater rate at which the sulphate ion is withdrawn from the weak 

solutions 

3 The tendency to develop a smaller number of <lefimte pits in sulphate 

solutions 


In Plate 2 the two photomicrographs show that the number of definite pits 
18 much greater in N/10,000 chloride solution than in sulphate Microscopic 
study has shown that coirosion begins at quite as many points in the sulphate 
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as m chloride solutions, and may spread more superficially, but a greater 
proportion of the ongmal points of attack develop mto defimte pits m the 
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1 10 10 — Vanation of OorroHion Rat© with Concentration of M 1 

latter The whole question of the causes which determine the distribution of 
pits IS being further investigated microscopically 

Table V 


Average corroeion rstea for first 18 hours 
Cubic centimetres of oxygen absorbed 



Potassium sulphate 

Potassium ohlondc 

N/IOOOO 

0 12 

Moan 

0 32 

0 18 

0 17 , 0 12 0 24 

N/6000 

U 48 0 40 

0 44 

0 23 

0 23 , 0 20 , 0 26 

N/1000 

0 92 , 0 111 

0 76 

0 41 

0 38 , 0 41 , 0 44 

N/200 

(t 67 

0 67 

0 71 

0 90 , 0 53 

N/(50 

1 09 

1 09 

0 68 

0 68 

N/10 

0 76 , 0 68 

0 66 

0 68 

0 68 . 0 76 , 0 67 

N/5 

1 00 

1 00 

0 73 

0 70 . 0 76 

N 

0 31 

0 31 

0 27 

0 32 , 0 21 


The Relatton of Oxygen, Sohtbdiiy to Corrosion Rate 
Explanations of the fact that the corrosion rate of some metals is less in 
highly concentrated than m dilute solutions of certain salts have been proposed 




Theory of MetcUhe Corrosion 


61 


by several authors Adie m 1846 suggested* that the reduced solubility of 
oxygen in saturated brine solutions was the cause of the relatively sbght 
corrosion action Walker, Cederholm and Bentf stated, that the rate of 
corrosion is directly proportional to the concentration of dissolved oxygen, and 
SpellerJ gives a few expemnental data confimung this result for iron in flowing 
water Friend § considered that ‘ whilst this ” {te , oxygen solubihty) “ is 
undoubtedly an important factor it cannot be the only one, m as much as 
experiment shows that the reduction in corrosion is usually very much greater 
than the above theorv demands ” Friend’s experiments were mainly carried 
out with iron, and he drew attention to the fact that while his curve connecting 
corrosion with salt concentration showed a close similarity with the ciurve for 
oxygen solubility in sodium chloride solutions it did not do so in potassium 
sulphate solutions , in these he stated that corrosion fell off more rapidly than 
oxygen solubility, a fact previously suggested by Heyn and Bauer’s experi- 
ments II Friend’s tables of results also showed a less rate of corrosion in 
solutions of sulphates of potassium and sodium than in similar chloride solu- 
tions and he proposed an explanation based on the different precipitating 
power of the two anions for colloidal ferric hydroxide catalyst 
The views stated above have been based upon experiments which could not 
reasonably be expected to piovide more than first approxunations to the truth 
since none of them was earned out m strictly defined conditions The matter 
has, therefore, been re-examined and the resulta for zinc are given in hg 11 
which IS derived from th« curves shown in hg 10 Within the range N/5 
to JN the curve showing the relation between true oxygen absorption y {le , 
corrosion) and oxygen solubihty x, is found to be a parabola for which the 
equation is 

y=K(x + A)*-f B, 

where 

K = 0 08 , A = 1 66 , B = 0 39 


There is, therefore, a striking difference between the relation found m the 
present researcli and that proposed by the previous authors, and the differences 
appear to be due to the experimental methods adopted In the present research 

the supply of oxjgen to cathodes is mainly due to the very gentle CKinvection 
currents set up by the increased density of the surface layers of the solution 
* ‘ Proc Inst Civ fng,’vol 4 p 323(1845) 
t ‘ J Amer Chem Soo ’ vol 29, p 1261 (1907) 
t ‘ Trans Am hlectroohem Soc vol 39, p 141 (1921) 

§ ‘ Oamegie Koe Memoirs,’ vol 11, p 136 (1922) 

II TjOc eU , Table II 
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In these conditions a square law would be expected since the supply would 
depend not only directly upon the solubihty but also upon the fact that 
increased solubihty would increase convection currents For this reason an 
equation of the form y — Kx® would be expected if diffusion be ignored 
Fig 11 shows that the parabola obtamed expenmentaUy does not pass 
through the ongm, but is displaced relatively to both axes, hence the appear- 
ance of the two constants A and B, the physical meanings of which were not 



Jio 11 — Venation of Oxygen Absorption with Oxjgen isolubihtv 

at first apparent It was then found that two pomts corresponding to 4N 
and 3N KCl solutions lay well below the parabola The experiments with 
these two solutions were carried out m a thermostat placed on the solidly 
constructed piers described on p 43 of this paper, whereas most of the experi- 
ments upon which the parabola was based were performed on a reinforced 
table which appeared to give perfectly stagnant and stable conditions until 
it was exammed by the mercury-honzon test It seemed possible, therefore, 
that the displacement of the parabola was due to vibration, and if this were 
true the pomts for 4N and 3N solution would he on another parabola, which 
might pass through the ongm To test this two more expenments were 
started under stable conditions m N/2 and N KCl, and the results for all 
four expenments are shown m the lower curve m fig 11 It is a parabola of 
the type y = Ks* and the value of constant I; is 0 041 
The parabohe form of curve will only be obtained m conditions m which 
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major convection currents due to changes in temperature, pressure, liquid 
flow, evaporation and possibly other causes have been elraimated Such 
currents tend to equalise the oxygen concentration throughout the hquid, 
to dimmish the effect of diffusion, and to give a straight Ime relation between 
corrosion and oxygen solubility The parabolic relation will only be obtamed 
when the mam source of oxygen supply is the slow convection due to the 
slight density changes caused by surface solution of oxygen, since it is only 
the oxygen supphed by this convection which increases as the square of the 
solubility 

The above conclusions require that the curves giving the relation between 
salt concentration and corrosion rate m fig 8 be corrected if they are to represent 
truly stagnant conditions As they stand they represent corrosion rates m 
apparently stagnant conditions such as may be expected on a good laboratory 
bench on which there is no moving apparatus The correction for vibration 
can be obtamed from the difference between the two curves for potassium 
chloride given in fig 11 

The rate of EwhUton of Hydrogen Gas 

('urves showing the rate of evolution of hydrogen gas are given m fags 12 
and ] i In strong KCl solutions the curves become nearly parallel straight 
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lines, though that for 2N solution has a rather less slope than the others In 
Part II of this research a curve was given showing the relation of the rate of 



gas evolution to total corrosion for N flO KCl Curves are now given in fig 14- 
for four chloride solutions For N/10 and 2N the slopes resemble that given 
in Part II Each is composed of two straight hnes, the first of which extends 
from 0 to about 13t) c c of oxygen and the second is parallel to the horizontal 
axis between 130 and 200 c c of oxygen The curves for N/2 and N show a 
curious break at about 76 cc , but both finally jom the curve for N/10 at 
about 120 t 0 

The interpretation proposed in Part II for the proportionahty of rate of 
gas evolution and total corrosion was the gradual formation of films of metalhc 
impurities of low over-potential as corrosion proceeds The experiment with 
“ spectroscopically pure ” zinc m N/10 KCl mentioned earher in this paper 
shows that a small evolution of gas can take place m the absence of such films 
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when zmc has been heavily attacked in strong solutions It socms possible, 
therefore, that the rate of evolution may be determined to a small extent by 



Fio 14 — Uat( of H\<liojJ!on Fvoliitiou and total Con iwion 
O A90 N/K) K( 1 © A»2 N/i KCl 

A93 N/2 K( I □ \ftl 2Nr KCl 

the development of v roughened riiu surfiu < whi( h has a low ovi r potential 
relative to an uncorroded surfact in vei)' dilute solutions the roughening is 
insufficient as shown by the lesult recorded in Pait II for N/1(),0()0 Kf'l 
In strong solutions when a ihhiiitc miniiniini aita of metallic film and 
roughened metal his bitn di vcloped all thi hydrogen that uiu lx ivoIvmI in 
the experimental tonditions can find suitable cothodii area, the maximum 
laU of ( volution is then leai hid and further deposit of metal and roughening 
of surfaci has no effect, it, the gas evolution time turcis Ixcomi straight 
hni s The cause of the break m the ciiives for N/2 and N KCl does not seem 
to lx. readily explainable on tliisi lines 

The hydrogen-time curves foi N/IO and stronger solutions do not remain 
straight lini s for iiifmiti tinu but lx gm b) fall ov< i at similar times to tlx 
oxygen absorption i urves this is ilcar fiom fig 9 of Part II for N/10 KCl, 
and hg 13 of the present papi r foi N/50 K^SO^ If the preseni c of films and 
roughened surfaces were tin solo determining factois in hydrogen gas pro- 
duction this would not happen, and some other factor must be operative which 
is probably connected with the oxygen absorption type of corrosion 

Thf Meokanism of Hyihogen Pimluctwri 
Observations have been made with the microscope upon zinc specimens placed 
in conditions similar to those of the quantitative work, except that about 
360 c c of solution were used instead of 100 c c The work was confined to 
dilute solutions from N/10, 000 to N/200, and it showed clearly that hydrogen 
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gas 18 evolved from the pits, which must be fonued mainly by the oxygen 
absorption process, for in this range the corrosion duo to hydrogen gas is less 
than 14 per cent of the total Plate 2 shows a bubble of gas in situ in a pit , 
also bubbles which have risen up from the pit and are restmg against the cover 
glass of the microscope Bubbles have n<>ver been seen to nse from the area 
surrounding the pits which must be presumed to be them corresponding 
cathodes for the oxygen absorption process The films of metalhc impurity 
must, therefore, form at the anode and may consist either of residual metal 
or metal ledeposited after temporary solution on the less anodic parts of the 
anode m similar fashion to copper lu “ dezinced ” brass When once formed 
the metallic him is likely to be fairly stable and the falhng oft of the rate of 
hydrogen evolution is unlikely to be coimected with a gradual removal of the 
him 

The facts about the mechanism of hydrogen production which have been 
reasonably well established may be summansid thus — 

1 The gas is evolved from the pits which form the anodes of the oxygen 

absorption process 

2 The rate of evolution is dependent upon the presence of films of metallic 

impuritu‘8 and of rougheni d metal 

5 In any solution within the range N/10-2N the rate rises to a maxunnm 
at which it stays for a time , it then falls and approximately follows 
the rale of the oxygen absorption proi css, lagging behind it m the earher 
stages, but maintaining itself rather better in the latci stages 

4 The rate of evolution is much less m sulphate than m chloride solutions 

of equivalent concentration 

5 The proportion of the total corrosion due to the hydrogen gas process 

increases with concentration (see Table VI) 

Some evidence pomts to the conclusion that the mechamsm of hydrogen 
evolution is not merely a question of greater or less access of oxygen to the 
seat of production of atomic hydrogen If it were, an exponential curve 
would be expected for total corrosion m dilute solutions smee the whole proce^ss 
would depend on the access of chlorine ions to the anodes The exponential 
curves are actually obtained for the oxygen absorption process only, and the 
curves for hydrogen evolution are of such a form that they could not give 
another exponential by addition The hypothesis suggested m the previous 
paper was that hjdrogcn evolution was connected with the local formation 
of caustic potash, but no support for it could be found when pieces of zme were 
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placed in N /50 KOH This failuie might be due to absence of freshly deposited 
metallic iron formed by the corrosion process To test this, pieces of zme 
were placed in chlute ferrous sulphate solution, washed and then transferred 
to N/50 KOH , hydrogen gas was freely evolved Pieces of zinc similarly 
treated were also placed in conductivity water (exposed to air), N/50 ZnCL 
and N/50 ZnS 04 , and gas was evolved m the proportion approximately of 
0 1, I 0 and 0 75 These results explain the fact that the exponential curve 
does not conform with total corrosion which evidently includes a process not 
directly connected with chlorine ion concentration, but do not explain quantita- 
tive ly the much greater evolution of hydrogen from chloride solutions than 
from sulphate shown in Table VI 

Summary of Result f 

1 Reproducibility In Part I of this research it was stated that—" it is 
not clear (from a study of the literature) whether the discrepancies b( tween 
supposedly diiphcate i xpcriments are due to some inlierent characteristic 
of the corrosion process or to the fact that m the experiments control has not 
been kept over all the controllable factors , ’ but it can be now dehmtely stated 
that when adequate control has been kept oyer temjieratiire, pressure, mechani- 
tiil stability and chemical purity of the clos< d system m which the e xperimonts 
liayo been conducted, the corrosion rates of horizontally supported annealed 
/me specimens with a total area of 14 sq cm wen reproducible within tho 
hmits I per cent from the mean of two duplicates, throughout the whole 
range of potassium chloride and sulphate solutions Similar bmits of accuracy 
haye been found for commercially produced mild steel in similar dilute solutions 
Corrosion of these metals is therefore a suitable subject of investigation 
by the ordinary methods of physical chemistrj and the results obtained 
arc of the same order of accuracy as those in many other branihes of that 
subject 

The very large number of points at which attack occurs on zinc specimens 
of the size stated, allows smooth and reproducible cuives to be obtained 
For metals on which the number of points of attack is much hss, reproduci- 
bihty would probably be reduced unless much larger specimens were used 

2 Comparative measurements made by the oxygen absorption and loss of 
weight methods of measimng corrosion did not g( nerally differ from the mean 
of the two by more than dt 1 per cent , except when small amounts were 
measured 

1 In very weak potassium sulphate solutions the time-corrosion curves have 
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been found to bo exponential, te , ot Hunilar form to those m weak chloride 
solutions 

1 The changes of corrosion rate with concentration have been determined 
quantitatively for rmc m two senes of solutions The different slopes of the 
straight Lne curves are due to the different rates at which oxygen reaches the 
metal owing to changes in oxygen solubility ind available cathodic area 

'i In strong solutions the curve connecting oxygen solubility and corrosion 
rate is a parabola in stagnant or nearly stagnant liquid in which convection 
currents have been reduced to a mimmum It is probable that a straight Ime 
relation would be obtained m the presence of vigorous convection currents or 
moving water 

b Hydrogen gas is evolved duimg the corrosion of eleotrolvtic zme in all 
the solutions tested stronger tlian N /20,0()0 The proportion of total corrosion 
line to this evolution increases with concentration in both ihloride and 
sulphate solutions and reaches 17 4 per cent of the total corrosion in 2N 
K(’l and 7 7 per cent m N K 2 *S 04 

7 From spectroscopically pure zinc hydrogen evolution is greatly reduced — 
in N/10,000 Kri to zero This change is determined by the removal of 
approximately one part m ten thousand of total metallic impurity 

8 In neither of tlie senes of solutions was a straight line corrosiou-time 
curve obtained w hii h passed througli the origin 

The thanks of the authors arc due to Miss Ruth Pirret who has rendcied 
them much valuable assistame The rcsiarch was earned out for the Cor- 
rosion of Metals Research Committee of the D S I R , and the thanks of the 
authors are due to the Chairman, Prof Sir Harold Carpenter, and to Prof 
G T Morgan for fucilitw s afforded and p< rmission to publish 
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Conectwii Factors in the Photographic Mearmrcment of 
X-Ray Inteni’iiUe'i in Crystal Analysis 
By E G Cox, B Sc , and WEB Shaw , B A 

(Communicated by Sir Williinn Brifig F K S — Rcccivtd Diumbei 21, 1029 ) 

1 InltoiliiLlion 

For the complete solution of the structuns of coinphx ciystals, and in 
particular of organic snbstanus, it is essential to bo abk to measuic at least 
the relative mtensities of r< fli vion of horaogenoous X-rays fiom the more 
important lattice planes with some degiee of accuracy In most crystal 
problems a number of paranietc is governing the positions of the atoms in the 
lattice remam to be found aftc r the geomc trical recpiiremciits of the symmetry 
have been satished These can only lie determined from intensity measure- 
ments, BO that m general, the gnater the iiumlxr of leflexions measured the 
more closely will the deduced striiiturc approach to the truth 

Gntil comparatively recently the only instrument of jirecision available for 
X-ray inknsity work has been the Bragg ionisation spectrometer* It has, 
however, three disadvantages whe n used foi this purpose, which may be 
briefly summarised - 

(1) Only the strongest planes arc measiiiable with any degiee of accuracy, 
owing to the ‘ swamping ” c fleet of the unremovable backgiound radia- 
tion in the ease of the weaker reflexions 

(2) It 18 clearly impossililc to use it, without very special tec hniciue, m the 
case of crystals whic li aic volatile or even liquid at normal temperature's 

(3) The measurement of tin true integrated intensity is a somewhat lengthy 
operation in practice, with the result that experimenters are tempted 
to determine the peai values of the intensities instead , those, in 
general, are not in the same ratio as the integiati d reflexioiis, so that a 
false idea of the reflexions m ty bt obtained 

The solution of the problem he s in the use of rotation or oscillation photo- 
graphs, on which planes of peihaps only I /100th of the mtensity of the strongest 

• The mode of use of thci lomsatiuii spettrutneter for uitensitc iiieasurcinont is fully 
desenbed in a papei by tV L Ttrafig bum s and Booanquet I’bil Maf, , vol 41 p 909 
(1921) 
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planes are registered Until recently no qiiuntitativ c mi thod was available 
for the measurement of the mtensities of spots on X-ray photographs, and 
only visual eJ^t^matlon was possible This makes it possible to arrange planes 
in their eorroct order of mtensitj, but does not permit the estimation of 
intensity ratios to more than 20-30 per cent Even this accuracy is only 
obtainabh with care withm a binited range of intensities, and the results, of 
course, aic still uniorrerted for the errors discussed in this paper 

Tin development of tin Astbiiij radioactive photometer * however, has 
made ai< urate quantitative measureint nts possible, and all planes sufhcientlj 
strong to n gister on a photograph can now be determined to an accurac} of 
1 or 2 p<r cent Tt thus becomes very important to investigate whether the 
relative intensities as measured fiom the photograph are m reality the tiue 
relati\( intensities of reflexion from the crjstal planes In this paper the 
authors discuss two corrections which have to be applied for this to he the 
case These arise in the following ways — 

(1) When the reflecting plane does not contain the axis of rotation of the 
crvstal (in other words, when the spot does not lie on the equatorial line of 
the photograph), the angular velocity of rotation for the plane is effectively 
decreased This results m reflexion for a longer time in each rotation or 
oscillation than for planes reflecting on the zero layer-line 

1 he problem will be discussed m detail m section 2, and it is sufficient to 
state here that the eifEect is purely geometrical, dcjicnding only on the angle of 
reflexion and the orientation of the reflecting plane with respect to the axis 
of rotation It will be shown that to every point on a photograph there 
corresponds a correction factor by whicli the measured mtensit} must be 
multiplied m order to ehminate this effect , this will give the intensity that 
the spot would have if it lay on the equatorial hue 

This factor will be refeired to as the Geometneal ('oireclion Factw, and will 
be denoted by the symbol Di 

(2) In general, the reflected X-ray beam will pass obliquely thiough the 
photographic him or plate, and it is clear that for a given mtensity falling on 
the film, the density of the spot produced will depend on the angle of incidence , 
obhquity of incidence presents a thicker lajer of sensitised material to the 
action of the X-rays, with consequent increased photographic action This 
makes it necessary to multiply each measured mtensity by a correction factor 
which will eliminate the effect of thi obhquity The use of the factor is 


‘Roy Soc Proc.’A vol llfl, p «40 (1027) and vol 123, p 676(1929) 
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equivalent to the reduction of all spots to the case of normal incidence for the 
purposes of comparison Its maj^ntude will depend — 

(i) On tlie angle at whifh the X ray beam is incident on the photograph 
(u) On the particular tyjie of photographic him or plate which is used 

(m) On the wave-length of the monoehromatie X-ray beam emploved 

The theoretical and experimental investigation of the effect will be described 
in section 3 The factor will bt calhd the /i/ot Absorption Fatloi, and will be 
denoted by Dj 

Of the remamdei of the paper, siition 4 is a discussion of thi vahdity of 
the ordmary polarisation factor whih in seition 5 some experimental hgures 
art (j[uotcd to show how the factors give reasonably concordant results when 
applied to actual measurements on X ray photographs The cbscussion of 
the polarisation factor is considered necessary in view of the somewhat con- 
fused state of the literature of the subject, and m view also of the fact that 
various writers have used aibitrary polarisation factors with no reference to 
actual experimental data 

2 The Geometnea] Coi reckon Factm 

The theory of this factor was worki d out by the authors before they were 
aware of previous mention of it in papers by Ott and by Hoffmann and Maik * 
These writers gave the correction in forms which made it necessary to calculate 
the factor separately for each spot Hoffmann and Mark, moreover, assuming 
that the divergence of the incident beam of X-rays was entirely lesponsible 
for the geometrical ciror, gave a dehuite value to the divergence and calculated 
their correction on that basis The followmg theory is derived without any 
assumptions as to the nature of the phenomena which make it necessary 

It 18 knownf that when a crystal is rotated or oscillated, a given lattice 
plane reflects characteristic X-rays, not at a definite angle 0, but over a range 
of angle S0 from (0 — |S0) to (0 -f- JS0), where 0 is given by the Bragg law 
• wX == 2d sm 0 

The prmcipal cause of this is undoubtedly the divergence of the X ray beam, but 
even in the case of a parallel beam the effect would still persist owing to internal 
imperfections of the crystal, and, in a lesser degree, because the characteristic 
radiation is not strictly homogeneous It would be difiicult to estimate 80 

* Ott, ‘Z Physik,’ vol 22, p 201 (1024), Hoffmann and Mark, '7 Phvs Chem ,’ 
vol 111, p 321 (1924) 

t Darwin, ‘ Phil Mag ,’ vol 27, p 076 (1914) 
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theoretically from these varioua factors , the correction, however, smce it is 
concerned only with the geometry of the rotation, is mdependent of 80, as 
will be seen later 

Now the total mtensity of the beam reflected from a crystal plane is pro- 
portional to 80/6), where to is its angular velocity about an axis perpendicular 
to the plane of reflexion,* i e , the intensity is proportional to the time during 
which leflexion takes place If the intensities of different planes art to be 
compared, quantities such as 6) which do not depend upon the nature of the 
crystal, but vary from plane to plane according to the particular axis of 
rotation chosen, must be eliminated This is done by multiplymg the observed 
intensity by a factor Di -- 6)/ Q, whore is the angular velocity of the crystal 
itself Thus Di is equal to unity for planes passing through the axis of rotation, 
and IS less than iinitv for all other planes 

The value of Di is obtained us follows Fig 1 represents a stereographic 
projection of the ci>stal () being the axis of rotation, A the incident beam 
of X rajs, B the normal to the reflecting plane, and (’ th< reflected beam 
Huppose that the normal makes an angle a with the axis, and let the angle 
between the planes AO and BO be v The angle BA is (f> the complenu nt of 



tiu 1 


Since ABC is the plane of reflexion, and B the normal to the reflecting plane, 
6) 18 the rate of change of the angle AB, while Q is the rate of change of the 
angle v 

* Here “reflecting plane” is the lattice plane of the ciystal giving rise to the 
reflexion The expression “ plane of reflexion ” has its ordinary optical significance 
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Thus 




(O ^ 

Q " f/v 


From the quadrantal spherical triangle ABO 


and so 

But from equation (2) 


cos 


dv 


sin V sm a 
sin 4 , 


sin V 


whence from equation (3) 


1 e , 


sin a 


dtf} _ -v/sin® 
dv 


g — cos^ 4) 
sin 4 > 


d4> _ V sin^g — 8111^ 0 
dv cos 0 


smce 4> 18 the complement of 6 
Thus finally 

n V sin® g — sm^ 0 

III j; 

tos 0 


( 1 ) 

m 

(3) 


(4) 


This may easily be transformed to the expression 

where x is the complement of the angle between the reflected beam and the 
axis of rotation Equation (5) is the form m which the correction was given 
by Ott {loc cit) 

To calculate the correction f ictor separately for each spot on a photograph 
from this equation would be very laborious , the authors have therefore con- 
structed charts on which have been plotted curves of constant Di The 
appropriate chart is placed over the photograph (or an enlargement of it) and 
the value of Di for each spot can be road off directly, an accuracy of 1 per cent 
bemg easdy obtainable m most cases Two charts have been made, one for 
cyhndncal films of radius 6 cms , and the other for flat films It will be seen 
later that the form of the latter chart la mdependent of the distance between 
the crystal and the film These correspond with the two mterpretative charts 
given by Bernal * 

* ‘ Roy 800 Pioc A, vol 113, p 117 (1026) 



76 


E. G Cox abd W F B Shaw 


For plotting th? curves of Di = constant the equation (4) must be expressed 
in the form 

»=/(Di, y), 

X and y bemg the co-ordinates of the spot on the film, and the form of / being 
different for flat and cyhndncal films 

(o) Flat Film — The form of the function / is very simply denved m this 
case Suppose to be the angle which the radius vector from the centre of 
the film to the spot makes with the i/-axis, then 


Thus the equation of the curve is 


1 C, the curves of constant Di are straight Imes passmg through the ongin, 
and are mdependent of the distance between the film and the crystal 
The equation m rectangular oo-ordinates is 


(6) Cyhndncal Ftlm — The equation is best obtamed m this case from 
equation (6) Suppose X and Y are the co-ordinates of the spot on the 
cyhndncal film, corresponding to x and y on the flat film Then 
x = D tan <f), y = D sec ^ tan x. 

and 

X = R^, Y = Rtanx, 

where R is the radius of the cyhndncal him, and D the distance of the flat 
film from the crystal. 

Prom these it follows that 








i Till Film ib'ioi plum Fattoi 

The action of X-rays mcidt nt ()1)Ii(jul1v on photographic films was investi- 
gated experimentally The prohlnn wxs to send tli«‘ sirae amount of mono- 
chromatic radiation on to the film hrst normally and then at an angle, and 
measure by means of the radioactive photomotei tlie apparent intensities of 
the spots so produced Prehminaiv v,oik. sliowcd that the use of direct 
X-ray biams was not possible, as e\c n tin most ( llicient lilti ring arrangements 
let through sufhcient nsidual goinral ladiation to produce a consideiable 
effect A truly monochromatii beam was tlnrefoic obtained by using the 
reflexion of coppei K„-rays from a ciystal (actually the U22 reflexion from a 
small diamond was employed), witii mckd lilt* is in tiie piimaiy biam to 
remove the spot ind cut elown the mti'iisity'’ of the background 

The whole of this investigation was cained out using Selilcushini Donco 
duplitised X ray films, which have hem found in this laboratory to be the 
most suitable for photographic inUasitv work Tlie development in all 
cases was for a peiiod of 7 minutes m a solution I in 20 of Agfa Rodinal at 
18° C 

A piece of him was mounted m the quarter plate holder of the X lay spectio- 
meter, winch can be swung round on a turn-table over a graduated circle to 
make any desired angle with the beam reflected from the crystal The holdi r 
was hrst arranged so that the reflected beam was incident iioimally on the 
film, and exposure for a suitable time was made with the crystal oscillating 
about the reflecting position with constant angular velocity The holder was 
then turned so that the beam struck the him at a known angle and an equal 
exposure w as given The X ray tube was mamtamed m as steady a condition 
as possible durmg this period, and lead screens were placed in suitable positions 
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over the him m order to prevent scattered radiation from falling on the exposed 
portions On a shielded part of the film were also registered six uniform spots 
corresponding to X-ray intensities in known ratios These are obtained by 
passmg a umform beam (from a distant tube) through six equal apertures m 
a lead plate, in front of which rotates a sei tor so cut that the times of exposure 
for the holes are in the ratios of 100 80 60 40 20 10 Since the Schwarz- 
schild constant p is equal to unity for all X-ray frequencies,* this procedure 
gives a senes of umform spots whose total intensities are also in the ratios of 
100 80 60 40 20 10 , moreover, it is not necessary to use copper radia- 
tion for the production of these spots These are the “ cahbration spots ” 
wliicli serve as standards of intensity latio for this particular him 

These operations were repeated, using diftcnnt strips of film, for various 
angles of incidence For convenience the hlms wt re all developed at the same 
time and in the same tank of developer m a special holder made for the 
purpose which prevented contact of the negatives with one another or with 
the tank , constant stirring made it certain that tin c ntire batch was developed 
uniformly and under exactly the same conditions With these precautions 
it was possible to make one carbon tissue with all the spots from different 
pieces of film printed on it, together with one of the sets of cahbration spots, 
with a reasonable certainty that once the radioactive photometer his been 
adjusted to give a linear relation between a ray and X-ia> intensities for these 
calibration spots, the linearity will hold foi all the specimens of film The 
photogravure tissue G 12 was printed and developed in the manner described 
b} Astbury {loc cit ), and measured up in the photometer Each individual 
photograph gives the ratio of the photographic intcimtici> produced by the 
same X ray beam falhng norm illy, and at an angle, on the him This is the 
correction factor Dj by which the observed intensities must be multiplied to 
eliminate the obliquitj effect 

The experimental measurements of for different angles are represented m 
fig 2 The possible error m each value is estimated at about 2 per cent , 
mainly owmg to variations in the intensity of the primary X ray beam and 
in the velocity of rotation of the crystal 

A tentative explanation of this effect may be obtained in the foUowmg 
manner The duphtised film consists of two layers of sensitised material, 
mamly silver hahdes and gelatine, separated by a thickness of celluloid The 
problem is to mvcstigate the total photographic action m the two layers as 
a function of the angle of mcidence of the radiation 

• Bouwers ‘Z Physik,’ vol 14 p 374(1923) 
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According to Silberstem’s quantum theory of photographic action,* the 
sensitive emulsion may be legarded as composed of a number of discrete 



iici 2 — Tho Kelation bot«ei.n th< I iliii tbsoiption Fik tor l)j anti the Vngk of Incidenro 

grams, each of which beconus ‘ activitcd” ind divelopablc on alisorbing a 
quantum of tuergy An irea of lilm is tlius to be thought of is a scrits of 
taigcts pnsented to the firing ai bum of th< inndent quint i, so that the 
absorption of a quintum by a grain takes pla<c accoiding to the liws of 
piobabilit) Foi a single lajer of grams of uniform si/e Sillx rsti m finds (he 
relation 

A^Nll-c-*"), (1) 

where 

h — number of grams activated 
N = number of grams exposed to the radiation 
n = number of incident quanta 
a — area of each gram normal to the incident beam 

For an emulsion composed of grains of different sizes this law holds for each 
individual gram class, so that 

K:-|/(a) du (1-e-"”), (2) 

where K = total number of grains activated, /(a) da — number of grams 
havmg areas between a and (a 1 da) 

* ‘ Phil Mai? vol 44, p 267 (1922) 
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Tho law ma\ also bo oxtondcd to the case of a thickness of oniulston con- 
taining more than oiu layer of grams tlu grains in the lowoi layers are 
effectively shielded by those above and the mt lesiilt is mi rely an literal ion 
in the law of gram si/e distribution it rnav llien be assumed that the 
I xpri ssion (1) holds fm t ath si t of gr uns of i pailii nlai an a m the diiplitised 
film under consideration * 

If now a lieaiii of X lays be piojiitid on tin lilni hisl iiormalh md then 
at an ingle i|i with thi nomiil thi numbi is of grains of a partiiiilai irea 
activated in the two cases will bi in tin ratio 

^ cos 

where 

~ numbi r of activated giains m noimil i \posuie 
uiimbi r of giains activ iti d at an angle 

since till iiumbi r of grams i xposed to the bi am is cos times as gieat foi tin 
oblicjui I \posuTi IS for till norm il This will be tlu c ise for all sizes of gram 
so that till total numbi rs of giaiiis bliikemd in tin two eases will also In m 
the ratio cos -ji 

Now Bouweis {lot <it) his foiiiid e\])erimi ut dl> tin iilition 

r)-=i)„(i 

where I) is the photogi iphu dciisitv jiioiliiiid b\ in X 1 1 \ intensity X, 
and A being lonstants This is of i\ntl\ tin same form as equation (1), 
80 that the photogi ipliii dcnsit\ must hi pioportional to tlu number of 
activated grams It follows that the di nsitiis com sponding to the incidence 
of till X ray beam obliquely and noimilh an also m the ratio cos 

It will now be assumed tint tin densities imdci consideration ire small 
so that approximiti 1> 

Photographic di nsity oc X r ly intcnsitj 

Undei these conditions it is char that the oblicjuo beam of intcmaity X is 
equivalent in its action on the him to an interifiity X/cos ij; iiii ident normally 
This may be expressed by the state ment 

Action — A X/cos 

* It Hhould be noted that this result is true only if two conditions are satisfied (i) That 
the thickniHS of emulsion is such that it contains a number of layers of grama , (u) That 
the mdividual grams have a random distribution in onentation , otherwise the effective 
area presented to tho X ray beam is altered by oblique mciilenco There is no reason to 
believe that these conditions are not fulfilled in tho case of the Donco films used 
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where action denotes the X-ray intensity equivalent to the photograplno 
blackening actually produced, as measured by the radioai tive photomi t( r 
Tht production of this action will be accompamed by a loss of intensity fioin 
the beam proportional to the number of grains activated, and therefore to the 
action produced, so that 

Loss of intensity = C X/cos ({/ 

Here C and A are constants, which arc proportional to one another 

It 13 now possible to investigate the behaviour of the entire duplitised him 
An X-ray intensity X incident at an angle c[i will produce an action A X/cos 
in the upper layer of emulsion, and will enter the celluloid backing with 
intensity X (1 -- C/cos cji) A further absorption will take place in the celluloid , 
if this has thickness t and an absorption coedicient p (for the particulai 
radiation considered), the beam reaehmg the second sensitive layer will 
have mtensity 

X(1 -(Vcos-ji) 

This, as before, will pioducc an action given bv 
A X /cos <\i {I — V /cos <\i) 
so that the total action is 

A X/tOH [1 ( (7cosc[/)| ( $) 

'[’he same intensity X mcident normally would give rise to an action ecpial 
to the value of equation (3) with = 0 , this is 

A X[] -t c-'“(l -C)| (1) 

Then the ratio of expressions (1) and (4) is the correction factor 1)^ giving 
the relation 

D, _ cos cli [1 -f e (1 - 0)] / 11 f ' (1 - O/cos iji)] (5) 

Tile values of the constants C and (pi) l-h*® expression were easily ob tamed 
in the following manner A crystal was mounted on an ionisation spectro- 
meter fitted with a copper target X-ray tube, and arranged so that the K„ 
reflexion from a certain plane was entering the ionisation chamber The 
ionisation produced was then measured with and without a piece of film m 
the path of the reflected beam , this gave the total absorption m the two 
layers of emulsion and the celluloid A specimen of film was thoroughly soaked 
m hydrochloiic acid and washed m hot water to remove the emulsion, and 


VOL cxxvii — A 



82 


E G Cox and W F B Shaw 


the absorption of the celluloid which remained was measured m the same way 
The results of these experiments gave the values (pt) — 0 204, and C ^ 0 220 
Using these values of the constants the theoretical relation between T)^ and 
has been calculated and is represented graphically m hg 2, together with the 
experimental results It will be seen that the agreement is quite good 
Th( assumption was made earlier that th< photographic densities con 
corned w< n small This will not always be tin < ase but it is easy to si e what 
kind of error is introduced b> the issumption Foi large densities in meiease 
of incident iritinsity results in a smaller fractional me reuse of the number of 
grams blackened Cemverselj, an increase of activated grains in the ratio 
will correspond to an increase of apparent intensity m a giiatii ratio 
than In other words, 1)^ will have a smaller \alue than is indicated 

by tbf formula C")) for laigc photographic densities Hi fore nee to lig 2 shows 
that the experimental points, cm the whole lie a little below the theoretical 
eurvi , IS would be expeeted fiom this leasomng, 1ml the discrepancy is small 
Tables of values of ])^ have hien eonstructed in a form suitable for use in 
experimental work ^^lth a cylindrieal him the angle of incidence and so 
Dg depends only on the eo ordinate ^ I he particular rehcctod spot in the 
lecipioeal lattice, and Tabh I gives Dj for various values of up to ^ - 0 8 


lable I — ^Absorption Factor 1)^ foi (Mmdncal Films 
For Uoneo J'llms and 1 'upper Jx, lladiation 


Di 


0 00 
0 02 
II 04 
0 0 () 
0 08 
0 10 
0 12 
0 14 
0 Ifa 
0 18 
0 20 
0 22 
0 24 
0 20 
0 28 
0 SO 
0 32 
0 34 
0 36 
0 38 
0 10 


1 00 
1 00 
1 00 


0 \m 

0 996 
0 99 
0 99 
0 985 
0 985 

0 976 
0 97 
O 905 
0 96 
0 956 
0 95 
0 946 
0 94 
0 93 


0 48 
0 60 
0 62 
O 64 
0 66 
0 68 
0 60 
0 62 
0 64 
0 66 
0 68 
0 70 
0 72 
0 74 
0 76 



0 906 
0 90 
0 89 
0 88 
0 87 
0 86 
0 86 
0 836 
0 826 
0 81 
0 80 
0 786 
0 77 
0 766 
0 735 
0 716 
0 696 
0 676 
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With a plane film Da dependa upon the glancing angle of reflexion 6, and so 
upon the distance of the photographic spot from the centre of the film for a 
given distance from the crystal , Table II gives Da m terms of 0 and the dis- 
tance £ of the spot from the centre for the him at a distance of 10 cms from 
the crystal This table is continued as far as 0 = 26°, and = 1 $ cms 


Table 11 — Absorption Factor D2 for Flat Films 
For Doueo Fdms and Copper K. Kadiation , film at a distance of 10 cms from 
the crystal 


Distance lietweon 
spot and centre 


lancing angle 
reflexion 0 


0 0 


10 

10 

11 

11 

12 

12 

13 


5 



1 00 
1 00 
0 at)5 
0 '10 
O 985 
0 975 

0 95-1 


li 

Ij 


0 OK) 

0 S8-> 
0 87 



8 

9 

11 

12 

n 

15 

Ifl 

17 

22 

21 

24 

25 
20 


I 


1 oo 
1 00 


0 81 
0 70 
0 776 
0 766 
0 736 
0 71 
0 00 


Values of D^ for other tyjies of photographic films, or foi X ia\ s other than 
copjic i K„ radiation, may be measured experimentally if required, or mav be cal 
eulated from equation (5), using the easily determined values of ( (j,t) and C It 
may be noted that for small valnt s of iji, Dj may bi take ii t (pud to cos (J; with 
little error, and this approximation is increasingly lecnrate the smaller (pt) 
and (_', and so the gre iter the frequency of the X radiation used It may be 
considered applicable for Doiwo hlms, to an aceiiiucy of about 1 per cent , 

o 2 
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for wave-lengths not greater than that of copper K, radiation (1 639 X 
10“® cms ), up to (J; = 20° at least 

1 The Polanaation Factor 

Th( measured mtensity of a crystal reflexion must also be divided by a 
factor which taki s into account the state of polarisation of the primary X-ray 
beam If this radiation la unpolansed, the “ polarisation factor ’ is* 
i (1 -f cos® 26), 

0 being the glancing angle of reflexion If, howcvci, there is a plane-polarised 
component present, the factor has a different value It is important, therefore, 
to know tlie state of polarisation in all mtensity work m order to have an 
acciiratt knowledge of the factor to be employed Since the experimental 
work which has been published on this subject m the past few years has been 
somewhat contradictory, the writers have thought it advisable to make a 
critical examination of the various results which have been obtamed 

The work of Kirkpatnck, and of Wagner and ()tt,t has shown that “ white ” 
radiation, from a tube run at a potential insufficient to excite the characteristic 
radiation of the anticathode, is paitially plane-polarised The electric vector 
of the polarised component lies in the plane containing the cathode-ray stream 
and the X-ray beam, as would be expected 

On the other hand Barkla and Sadler, and more recently, A H Compton, 
and Mark and Szilardj have shown m different ways that fluorescent X-rays, 

1 e , characteristic radiation excited from a secondary source by an X-ray 
stream of higher freqm ncy, are unpolansed As little is known of the funda- 
mental differences between the modes of production of characteristic, general, 
and fluorescent radiation, no prediction can be made from these results as to 
the probable state of polarisation of characteristic rays 

The first experimental investigation was made by Bishop § A water- 
( Doled Coolidge tube with a molybdenum anticathode was used, filters of 
zirconium or strontium being inserted in the beam to remove the general 
radiation and leave the K, or Kp rays, respectively Reference should be 
made to Bishop’s paper for details of the experiment , it is sufficient to state 

• \V H and W L Bragg, “ X Rays and Crystal Structure,” chap 13 

t KirkpatiK k Ph\8 Rev vol 22, p 226 (1923) , Wagner and Ott, ‘ Ann Physik,’ 
vol 86, p 425 (1928) 

J Barkla ami Siuller, ‘ Phil Mag vol 16, p 650(1908), Compton, ‘ Proc Nat Aood 
8oi ,’ vol 14, p 425 (1928) Mark and Szilard, ‘ Z Physik,’ vol 35, p 732 (1926) 

§ ‘ PhvB Rev ’ vol 28, p 625 (1926) 
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here that a considerable percentage of plane-polansation was found Realising 
the extreme importance of removing as completely as possible the background 
radiation, Bearden and Wollan* isolated i truly monochromatic beam of 
molybdenum K. radiation by reflexion from a crystal and examined it for 
polarisation They agreed in finding that the X-rays were unpolarised within 
the limits of experimental error (about 1 per cent ) Haasf has recently 
examined iron K. radiation, and Mark and WolfJ have investigated coppei 
Ka rays, both using pure beams obtained in tins way in neither case was any 
polarisation obst rvtd, the possible error again being about 1 pi r c ent 

In view of these ri suits there can be little doubt that Bishop’s system of 
filters was in reality inefficient and that the polarisation which he observed 
was due to the residual white radiation It is signihi ant that the percentage 
of polarisation which he found agrees reasonably closely with that predicted 
by extrapolation from, Kirkpatrick’s measun ini nts on general radiation 
It may be concluded that there is not more than I per cent of plane 
polarisation m the charai ti^nstic radiations of molybdenum, iron, and 
copper, presumablv this will be true of all characteristic X-rays of the 
K series 

The effec t of the presence of a small amount of plane polarisation will now 
be investigated Kirkpatrick§ has derived an expression for the factor which 
IS to be used in the case of a partially polarised beam, for measurements on 
the ionisation spectrometer Defining the state of polarisation by a factor 

P (To - Ie)/(To + fe) 

where Ip and Iq are respectively the intensity of the polarised component and 
the total intensity, he finds 

Polarisation factor = (sm^ a + P i os* a + (P am* a -f cos* a) cos* 20J/(1 -f P), 
where a = the angle between thi pl.iiii of reflexion and the plane containing 
the cathode stream and thi im idt nt X-rav beam 

In the experiments of Beardin, Wollan, Haas, and Mark and Wolf (loc 
cU ), P was found equal to unity, with a possible error of 1 per cent If a — 0°, 
which IS the most common irrangcment of tube and spectrometer m practice, 
and P = 0 99, the factor assiimts the value 
(0 99 4 co8*20)/1 99 

* Bearden, ’ Proc Nat Acad Sci vol 14, p 639 (1928) , Wollan, \b\d , p 864 
t ‘ Ann Physik,’ vol 86, p 470 (1928) 
t ‘ Z Physik ,’ vol 62, p 1 (1928) 

§ ‘ Phys Rev vol 29. p 632 (1927) 



86 EG Cox and W F B Shaw 

involving a maximum error of ^ per cent (for 0 == 45°), in using the ordinary 
factor i (1 + cos® 20) 

This formula is applicable only to reflexions on the zero layer-lme , as 
photographic work is concerned with reflexions at any angle to the axis of 
crystal rotation, it is net essary to see if an error of more than ^ per cent can 
be introduced in the general case The general expression is found to be 

Polarisation factor = 1 /Iq [|(Tn — h ) + Ii sin® fi (1 + cos® 26) 

f Ip cos® / tos 2|3], 

where p = the angle between the axis of rotation of the crystal and the 
electric vector of the pohnsed component 
f - the complement of the angle between the ri fleeted beam and the 
axis of rotation 

Por fi — 96° (which corresponds to a = 0° in Kirkpatrick’s i xpression), and 
P = 0 99 as before, this gives 

Factor — 0 5025 (1 cos® 20) — 0 06501 cos* / 

On the zero layer-hne / = 0°, so that the difft rence between the true value 
of the polarisation factor and i(l + cos® 26) decreases with increase of / , 
the maximum error which can occur is thus J per cent , for reflexions by planes 
which contain the axis of rotation 

If there were any appreciable amount of polarisation in monochromatic 
X-ray beams, it would sliow up in the measurement of the mtensities of the 
spots on single crystal rotation photographs With the same lattice plane, 
or planes equal in reflecting power, of a small single crystal, givmg reflexions in 
different directions, the spot with the larger value of / should have the greater 
measured intensity (corrected with the appropriate factors Di and Dj) if 
there is polarisation The figures quoted in section 5 to test the validity of 
Dj and show that there is no systematic difference of this kind, and conse- 
quently no evidence from these photographs m favour of plane-polansation 
m the beam 

Two conclusions may be drawn from the discussions of this section — 

(i) That characteristic X ray beams contain not more than 1 per cent of 
plane polarised radiation 

(u) That the maximum error involved in assuming the polarisation factor 
to have the value f (1 -j- cos* 20) is J per cent 
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r* E rjH’rtnuiUal Evidemc 

It sometimes happens tliat in the rotation or oscillation of a crystal, two 
(or more) lattice planes of equal reflectmf' power give reflected spots in diffeient 
regions of the same photograph A photograph of this typi may hi iiaad to 
ti'st the accuracy of the torn ction factors Hi and l)^ The integrate d intensities 
of the spots arc measured by means of the photomeb r multiplied by the 
ippropriate values of the factors, and the resultant corrected intensities should 
be equal 

In a series of measurements on an orgnnu hi xagonal crystal by Mr B W 
Robinson of this labor itory, the following foiii pairs of equivalent lattice plane 
reflexions were determined 



As extra confirmation a small diamond was rot ited about a random axis, 
and the intensities of the photographu spots given by the (111) planes were 
measured These gave the results 




Meafiiirod intensity ^ 

1>, 

Di 

1 Corrected intensity 

0 700 

0 286 

100 

0 90 

0 97 

87 3 

0 64 

0 42 

(111 114,120 116) 
Mean =116 j 

0 80 

0 926 

86 1 

_ 


The corrected mtensities in the last column, for a pair of planes, cannot be 
expected to be exactly the same , since the paths of the reflected beams m the 
crystal, and therefore their losses of intensity by absorption, are not m general 
equal The absorption in orgamc crystals is usually small, and as may be 
seen above, the application of the corrections Di and Dj is sufficient to give 
intensities which are correct within 2 or 3 per cent Smee the uncorrected 
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intensities may be as miuU as 100 per cent too great, the importance of the 
corrections is at onei apparent 


Summary 

Possible sources of error m the measurement of the integrated mtensities of 
X ray reflexions by crystals from photographic records are discussed, and 
correction factors developed for their elimination These are — 

(i) A factor dependent upon the geomitncal arrangements of the crystal 
and the X-ray spectrometer 

(u) \ cxiriection mtroduced by obliquity of incidence of the reflected X-rays 
on tilt photographic film 

Tlio ordinarv polarisation factor ^ (1 ( cos* 20) is examined critically and 
found to b( valid m practice ]<lxp<‘rimental hguro an quoti'd illustrating the 
use of the correction factors 

The authois wish to express their gratitude to Sir Wilham Bragg for his 
interest in thi investigation, and to the Managers of the Royal Institution for 
providing facilities for the work They also wish to thank Mr B W Robinson 
for numerous fruitful discussions on the subject of the absorption factor, and 
for providing some of the experimental data used in section 
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Measurement of Absorbing Power of Materials by the Stationary 
Wave Method 

By A H Davis, D Sc , and E J Evans B Sc , Physics Department, National 
Physical Tiaboratory Tcddington, Middlesex 

(CommunRatcd by Sir Joseph Petavel, F K S — R< ceived December 23, 1029 ) 

1 Iniioduction 

'I’lio stationary wave mithod of detenniniiif; the absorption coelhcient of u 
mat( rial employs plane waves of sound at perpendicular incidence It requ ires 
the use of only small samples of material and provides a rapid anil i onvenient 
means of obtammg useful information 

The pnnciple of the method has been previously described, so that a brief 
outlini 18 sufficient A long pipe is provided with a source of sound at one 
end ind is closed .it the otlii r by the test specimen Sound waves from the 
source travel down the pipe and are reflected by the specimen to an extent 
dependmg on its absorlnng power Tin superposition of the incident and 
reflected waves gives rise to a stationarv wave svstem, and the pressure 
amplitude varies continuously along the pipe, going through a senes of maxi- 
mum and minimum values The same description applies to the velocity 
am[)litud( , with the difference that the pressure maxima coincide in position 
with the velocity minima and vice versa 
To determine the absorption coeflBcient a ” of a material it is sufficient to 
determine the ratio N/M which the minimum amphtude^ — either of pressure 
or of velocity — bears to the maximum The absorption coefficient, dehned 
as the ratio of absorbed to incident energy, is then given by 



Vaiious methods of measuring this ratio have been adopted Tiima who 
first suggested the stationary wave method used the enr as detector Subse- 
quently Weisbach used a telephoin earpiece inserted in the pipe and Hawley 
Taylor employed a Rayleigh disc placed outside the pipe and lommumcatmg 
with the interior by moans of a narrow tube A description of this earher 
work has been given by Paris * Later Paris, using as detector a hot wire 
microphone placed m the pipe, gave residts for frequencies of 380 512, 660 


‘Proc Phya Soc vol 39 pp 209 295(1927) 
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He found iii many (.ascs a measurable change of phase on reflection, and that 
there was no appreciable absorption of sound at tlu walls of the pipe Early 
experiments were carried out m 1924* at the N P L using a telephone earpiec-e 
for measiumg the sound No details were jiublished, but exploring tubes 
were found desirable, and a square test pipe did not give such perfect nodes 
and antinodes as were later obtamed with a ciiciilar pipe Eckhardt and 
( 'hnslerf used as detectoi a telephone earpiece communicating with the interior 
of the pipe by means of a long narrow tube They tuned the pipe to resonance 
at lach frequency, a procedure which, as Pans has pointed out, appears 
imnecessary They found no evidence of change of phase on the reflection of 
sound by the test material, and apparently^ concluded that such change would 
only occur in the case of diaphragm-like vibration of the specimen They 
found it was necessary to lorrect for absorption of energy at the walls of the 
pipe, and gave results for frequent u s in the range from 297 to 3,200 cycles per 
second 

HoiraburgerJ compared cot fti< lents for \ arious materials, usmg a Ravleigli 
disc placed in the pipe as detector, the pipe being tuned Assuming the values 
for certain standard substances the coefficients of tin remainder were then 
calculated The standard todhtients taken appear to have been obtained 
by the reverberation method and were assumed to be the same as the station- 
ary wave coefficients In general such an assumption is unjnstifiablo and his 
procedure is open to criticism on tins account 

Wentc and Bi dell,§ usmg as soiin e an electncally di iven diaphragm occupy- 
ing the whole s( ction of thi pipi measured the pressure amplitude immediately 
in front of the diaphragm by a short narrow tube leading to a microphone 
The specimen was moved along the pipe and the maximum and mimmum 
pressure amplitude determined They assumed that, in consequence of the 
specially massive diaphragm used the velocity of the diaphragm was un- 
changed when the specimen was moved along the tube They did not find it 
necessary to correct for absorptioa at the walls of the pipe Results were 
given from 60 to 4 000 cycles per second 

2 Theory 

(a) General — It will be convenient to have the follow mg brief statement of 
theory Neglecting dissipative effects at the walls m the first instance and 
* N P L Annnal Report, 1924 
t ‘ Bur StdB Sci Papers,’ No 626 (1926) 
i ‘ Phys Rev vol 31. p 276 (1926) 

§ ‘ Bell System Teohmeal J vol 7, p 1 ( 1928) 
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taking the face of the specimen as the origin j; = 0, let the wave incident upon 
the specimen be the real part of 

= ( 1 ) 

Then, conhniug our attention throughout to real parts the reflected wave may 
be wntten 

= ( 2 ) 

where is the velocity potential, w = 2;^ a frequency ^ = w/c = 2:r/X , 
c = velocity of sound , and X — wave-length 
The resultant potential in the pipe is 

^ I (3) 

If A and B are wholly real, so th it there is no phase change on reflection, the 
pressure amplitude P at any point is 

P= L^l = -p B^ + 2ABcos2(ix]‘ (1) 

I I 

Thus P* varies harmonicallv with j, maximum values p*co*(A -f- B)® occurring 
at x = 0, JX, X, jX, etc, minunum values p*<>i® (A — B)® aty — ^X, ^X, 
}X, etc 

The absorption coefhcic nt 



If we have reflection with change of phase, B is complex (B = Boe~*^*), 
and the velocity potcmtial is given by the real part of 

^ Ac'<“'+''*> -f 

If, as pointed out by Pans, we substitute — 3/2, t — pS/2(o, 

we find 

^ + Boc‘<“‘‘-'^-), (b) 

which IS identical in form with (3), and A and Bq are both real Thus the effect 
of the phase change 3 is to shift the whole of the stationary wave system a 
distance of ^3 towards the ongin Accordingly, the phase change can be 
detemuned from a knowledge of the position of the stationary system relative 
to the material 

To obtain an estimate of the effect of dissipation at the walls, we assume’" 

* Crandall, ‘ Theory of Vibrating Systems and Sound,’ p 95 , Eckhardt and Chruler 
‘ Bur Stds Sci Papers ’ No 626 (1926) 
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that the amphtude of a progressive wave in the pipe decays exponentially 
and write for the incident and reflected wave respectively — 

^1 == A and ^3 == B <>-(*+<'» 

where a is the attenuation coefficient, assumed to bo small The total potential 

IS 

i> = <f>i <f>^ ^ Ae<*+‘«*e^ )- B «-<“+•'» 
and the pressure amplitude 

P = poi [A^e-"* + B!»e--“" + 2AB cos 21ia;l* 

The positions of the maximum and minimum values of P, given by 
3 ( — 0 are found to be very nearlv the same as for no dissipation 

Let 

ptoA -= Pj pwB,, — P, 

denote 1st, 2nd, 3rd, , maxima by Mj, Mo, Mj 
and Ist, 2nd, 3rd, , miiuma by Ni, N2, Ns 
Then 

Mi = P< + P,, Mj^Pj + P,-! JaX{P<-P,) 

M, --P,-|-IV^ ^ (« - 1) aX (P, -P,) (7) 

and 

Ni =. (P. - P,) 4 iaX (P, + P,) N2 - (P, - P,) + iaX (P« + Pr), 

N. = (P, - P,) + (2 h - 1 ) iaX (P, + Pr) (8) 

Wo see then that the effect of absorption is to cause both the maxima and 
minima to increase with their distance from the closed end, this increase bemg 
neghgible m the case of the maxima, but appreciable for the nuniraa, especially 
with highly reflecting speciimns The correction J«X was therefori deter- 
mined by prebminary measurimcnts with the highly reflecting steel plate 
and was apphed to the minima obtained with test specimens 

Actually m any test, as a check on the regular behaviour of the apparatus 
four successive mimma w« re measured and the average of the corrected values 
of these minima were taken 

The above theory is general We now consider the special case of reflection 
from a material placed in the pipe at different distances I from a perfect 
reflector closmg one end Let the front surface of the matenal be the origin 
® = 0 and let the distance from the back surface to the backmg plate be I 
For simpbcity consider an incident wave of umt pressure amphtude 
j) = where p is pressure in the wave Of this a fraction R is 
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immediately reflected and, after transmission through the thickness of the 
material, a fraction Te*^e’“‘ emerges on the other side, where R and T 
arc coefficients of reflection and transmission respectively The transmitted 
part 18 reflected to and fro between the steel plate and the material, and at 
each arrival at the material a fraction emerges again on the side of the mcident 
wave As a consequence, the final expression for the pressure m the reflected 
wave at a point x cm from the front of the specimen is given by the sum of 
geometrical progression, 

p = + R'Pe-’'"“-f- ] 


=_ R h - 


R and T are in general complex 
amplitude of reflected wave is 

l’ = Ro<-* I- 


Wnting R - HoC-*', T 

1 - 


( 9 ) 

= ToC'” the 
( 10 ) 


If Pj, and P, arc values of P for special cases when 2^1 — 2tz and n respec- 
tively, 1 e , 1 = JX and I = JX, we find 


Roc-^ 


Ps. + P, 


( 11 ) 


2-f P2,-P, 

- h (P 2 . - P-) (1 - (1^) 

Thus, from a knowledge of Pj, and P, we can calculate Rq, S, T^, e, and hence 
find the reflected wave for any position of the absorbmg material 

The arrangement emploved in the measurements referred to below is that 
shown m fig 1 The test pipe was of wrought iron 1 2 cm thick, of 30 cm 




94 


A H Davis and E J Evans 


internal diameter, and 250 cm long, with a flange at one end The mterior 
of the pipe was scoured and pamted to ensure a smooth rust free surface The 
pipe wall was comparatively thick to avoid appreciable vibration or yielding 
of the walls The pipe diameter was chosen to be as wide as possible both 
with a view to mmimising any absorption effect at the walls, and to using a 
specimen large compared with any irregularities of the surface This width 
however is such that radial vibrations of the contained air may be set up for a 
number of fretjuenrus above 1290 cycles per stcoiid, and may thus impose 
an upper limit on the working of the apparatus A movmg-coil horn type 
loud-speaker, excited by a valve oscillator, was used as source The mouth 
of the horn, which was of the same diameti'r as the imflanged end of the pipe, 
was placed close to that end of the pipe, but not m ac tual c ontact The loud- 
spe-aker, together with the adjacent end of the pipe, was enclosed m a felt- 
lined box 

Arrangements were made whereby the t-est specimen was mounti'd within 
a wooden nng bolted to a steel disc 0 9 cm thick, which served as a backing 
wall to the various materials In many cases the specimen was cemented to 
the backing wall CVevires between the specimen and the wooden ring were 
hlled up with cement suited to the material, or with plasticene An airtight 
jomt between the flange and the ring was ensured by a rubber washer which 
w^as placed between them before they were bolted togethc r 

For the measurements of sound amplitude at points witlun the pipe an 
exploring tube of 1 2 cm intc'rnal diameter and 2 mm wall was employed, 
communicating with a moving coil loud-speaker movement placed on the 
table outside the pipe At any frequency, the electrical E M F generated at the 
terminals of the moving coil instrument was proportional to the acoustic 
pressure communicated to the diaphragm by the explormg tube Incidentally 
resonances of the air column in the tube were of no importance for at any 
frequency the column was equally in resonance when the maxima and mmima 
were measured, and the E M F was proportional to the pressure at the mouth 
of the system irrespective of whether it was in resonance or not By bending 
the exploring tube into U form (like a trombone shde) space was saved The 
explormg tube was supported within the tost pipe upon a hght framework with 
rubber wheels Whilst the position of the open end of the tube could be varied 
when desired over the cross section of the pipe, it normally occupied a position 
on the axis To suppress certain lateral vibrations of the exploring tube 
which were found to give nse to sound leakage into the condmt, the tube was 
passed through grooves tightly packed with cotton wool, and separately 
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supported just behind the loud-speaker cabinet Care was taken that the 
tube did not touch the loud-speaker horn, uor the sides of the cabinet 'I'lu 
loud-speaker and its cabinet were completely insulated from the rest of fli< 
apparatus To prevent kakage of sound and vibration to tlic murophone 
it was connected to the exploiing tube by a short k ngth of rubber tubing, and 
was carried on string suspensions m a rublicr wheeled carnage to which the 
exploring tube was ngidlj attached The adjustments were such that, at all 
fiequencies, wlu n the open end of the ixploimg tube w^as stopped up, the nncio- 
phone reading was zero 

I n taking readings at various points the whok microjihone system was movi d 
along Near minima of amplitude where variation with distance was very 
sliarp, a slow motion device attached to thi microphone box was employid 
eiiibling the minima to be determined aciurately and conveniently to within 
d: \ mm or lisa A second microphone and tube (not shown) was used as a 
check m order to (ktoct any changes of the loiid-speikir output when thi 
exploring microphone system w vs moved For each frequemy this second 
tube was m a fixed position mai a maximum at flu loud-speaker end 

The electrical system for measuring the rdative microphone EM K was 
similar to that described bj Divis and Flimmg* The microphone EMF 
was applied to v tuned amplihor the reitiheel output bung passid through i 
galvanonictei By means of a two-way switch an EMF from a variable 
calibrated mutual inductance was substituted for the microphone EMF, 
the mutual inductance being adjusted to give the same galvanometer reading 
as the microphone The cuirent through the mductorneter primary was 
derived from the oscillator by a jiotentiometer, and iimamed constant 
Accordingly, the murophone EM F wis always propoitional to the mutual 
inductance Since for this microjihom the EMF is proportional to the 
pressure amphtude of the m< ident sound, it follows that the sound amplitude 
is proportional to inductometer reading The electrical leaks wen rendered 
inappreciable by the use of earthed leads 

d Procedure 

Measurements were made of the first four maxims and mimma to avoid 
error, because it was found that m a few cases the first imnimum was markedly 
different from the succeeding ones, which were more uniform Tlus irregularity 
is probably due to lack of planeness in the reflected wave from a non-homo- 
geneous surface, and disappeared as the pipe was traversed The procedure 
* ‘ Phil Mag vol 2, p 61 (1926) 
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accordingly was as follows The positions and values of the hrst four niiiuma 
were determined, then the maxima, and finally the determmation of the first 
minimum was repeated Readings of the fixed check microphoni' were then 
taken for each position of the exploring microphone Corrections were then 
apphed to the values of the minima for any change of output of tlu loud- 
speaker arising from moving the microphone from the maxima position and 
for the absorption of sound by the walls of the pipe The output of the loud- 
speaker was taken to be proportional to the check microphone readings, a 
procedure which receives some justification later The variations m output 
w ere found to be small, increasing at the higher frequencii s, and did not exceed 
5 per cent in amplitude The correction for absorption was applied as 
described m Section 2, and from the mean value of (Ao — B^) /(A,, B„) thus 
obtauied the absorption coefficwnt was cahulatcd 

1 Re^iiUa 

Sltttidard Steel Plate —The general behaviour of the apparatus was subjected 
to a rigorous overall test by usmg a steel plate —practically a perfect reflector 
to close the pipe This should have given rise to practically perfect nodes and 
aiitinodes, and to a sine- wave distribution of amplitude along the pipe It was 
necessary to take great precautions to avoid leaks, both electrical and mecham- 
cal, the latter bemg extremely troublesome Finally they were satisfactorily 
eliminated by the diwices enumerated above This was shown by the measure- 
ments on steel plate, which gave an extremely low value for the absorption 
coefficient 

It was observed by locating the mimma that the exploring tube measured 
the pressure at a point a short distance outside its mouth The distance 
varied with frequency, being approvimati ly 0 3 cm at 500, 0 4 at 800, 0 4 
at 1000, and 0 5 cm at 1200 cycles per second This end effect was verified 
by measurements by another tube, bent at the end, so that the mouth faced 
the other waj It may be mentioned that the effect does not enter mto the 
measurements of absoibmg power or phase displacement, smee only relative 
magmtudes and positions are respectively required 

The response of the microphone system was tested by taking rcadmgs at a 
large number of points between distance JX and JX from the plaU , readings of 
the fixed check microphone also being taken Theoretically, for a perfect 
reflector and for Imear response of the microphone, the relation between 
rmcrophone E M F and distance should be very nearly a sine curve, as is 
seen by putting A = B m equation (4) As an example, experimental results 
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arc shown m 2 for a frequency of 1 ,200 c ycles per second in comparison with 
a true sine curve The microphone readings have been corrected for variation 



hio 2— Stool liofli ctor Relation bolwcoii raiorophono ixiadinj^ and distanoo alnni; piiH 
at froquoney of I 200 i ycles per second 

in loud speaker output due to movement of microphone tube in the pipe The 
precision with which the coirectod experimental results igrcc with the sine 
curve indicates satisfactory response of the microphone system and justihes 
the correction for loud-speaker variation It may be noted that the loud- 
speaker variation experienced m this particular case was mu< h greater than 
that usually encountered, and the uneorrected experimental c urves themselves, 
usually lay very near the sine curve 

Accurate determination of maxima and minima for the steel plate showed 
that the maxima were all substantially uniform, but that the mimma, although 
always very small compared with the maxima, showed definite increase with 
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distance fiom the plate The results were the same whether readings were 
taken on the axis or near (within 1 5 cm ) the wall of the pipe, showing that 
conchtions v ere uniform over the t rose section to within a short distant e of the 
wall This mcreast of minima is in general accordance with equations (8) 
and 18 probably due to slight absorption at the walls 

The magnitude of the effect observed is also of the right order Accordmg to 
a theoretical trestment by Helmholti’, Kirchoff and Rayleigh, the decay factor 
for sound prop.igation m a pipe, when viscosity only is considered, is given by 



radius of pipe, 'p is kinematic viscosity of an The 


effect of 111 at conduction is to increase the decay factor, which remains of the 
same order of magnitude The following table shows values of a calculated 
from tins formula, together with a cahulati'd from experimental results bv use 
of equations (8) 


Table T 


i roqnency 


Ftxiquency 


500 1 

______ 1 

ibeoretioal | bxpenmoiiUl | 

6 8 X 10 * I 18 10-‘ j 


1 000 

rheuretiial I Kxporuneutal 


800 

riieoretKal j Bxponmental 

7 1 X 10-» j 6 8 ^ 10 “ 

1 JOO 

Thcorutiral | Bxpenmeutal 

8 « X 10-‘ j 7 3 < 10-i> 


It IB seen that the experimental and theoretical values aie of the same order 
of magnitude, and we conclude that the dissipative effects at the boundary 
are sufficient to account for the progressive increase of minima observed, and 
that corrections on the lines of equation (8) are justifiable 

As expected fiom the possible occurrence of radial vibrations of the air in 
the test pipe at frequencies above about 1,200 cycles per second, good minima 
were not obtained with the steel plate above this frequency Acoordmgly, 
all detcnninations made with the apparatus have been confined to notes below 
this pitch 

Gf-iifrul Ab<iorherUs — Absorption coefficients have been determined for a 
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large number of materials Chief interest centres in the behaviour of the 
more efficient materials, and, m view of the fact that such materials as glass 
plaster, hard wood etc , all reflect about 97 per cent or more of the incident 
sound, no special attention has been paid to them A list of results is given in 
Tables I Va and IVb Table IVa relates mainly to simple absorbents employed 
under various londitions suggested b\ theoretical considerations Unfor 
tunately, however, absorbents used in the correction of acoustical defects of 
auditoriums are almost exclusively piopnetary articles with special features 
and in Table IVn results foi a variety of these absorbents are colleited 
together 

In many cases the absorption coefficient detei mined for samples of acoustical 
absorbents depended on whether or not the sample was rigidly fixed to the 
backing plate, the difference being greater in the case of stiff board-like materials 
than soft materials like felt, in which th( difference was often negligible 
Presumably it is due to occurrence of diajihragm-hke vibrations of the free 
specimen The following lesults indicate tin magnitude of the effect 


Table II 


Matenal 


Cane fibre Iwanl 1 1 om thick 
free 

Cane fibn board 1 1 cm thick, 
oementfid 


Absorption ouefliuent at frequency of 

50 j 500 I 800 I 1,000 

_ ^ _ 

04 I 0 06 ' 0 08 [ 0 1 1 

03 j 0 03 I 0 04 j 0 05 


17 

07 


Accordingly absorption coefficii nts were always determmed for the material 
rigidly hxed unless otherwise stated Tins coefficient gives the absorption 
due to porosity and yielding of the material when movfmcnt as a whole is 
prevented 

It was also found, in agreement with Pans, that there was a dehnite phase 
change on reflection even when diaphragm-like vibrations of the specimen were 
prevented by rigid faxing to the backing plate The shift of the stationary 
wave system was frequently of the order of 1 cm and was easily measurable 
It may be desirable to mention here that when test materials are reasonably 
homogeneous and undamaged, results obtained by the apparatus described 
above are satisfactorily reproducible for different samples For example, a 
number of measurements on different samples of ^-inch felt always gave 
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practically the same results This was true also of certain cotton waste results 
which were repeated, and indeed the manner in which results given later (for 
difierent thic knesses of cotton waste, and different positions of felt) agree with 
the theoretical formulae, indicates that the apparatus functions satisfactorily 
Results obtained for a largo number of varied absorbents are collected together 
in Table IV It is coiivoniont to notice a few general points which are revealed 
Vanation of Absorption Coefficietd mlh Thickness —Results given by Pans 
and Wente and Bedell, mdicatcd that m general absorption increased with 
thickness, up to a linut when the absorption became constant 

Exponments vire made with the present apparatus on various materials, 
including cotton waste, a material which was used at the Laboratory^ as a 
material for thickly laggmg the walls of sound chambers 
In many cases, for certain regions of thickness, an increase of thickness 
producid a decrease of absorption coelhcient This effect, which does not 
appear to have been noted before, can be explamed on theoretical grounds by 
takmg account of th( interference between sound reflected directly from the 
front surface and that emerging from the material after reflection at thi backing 
surface The phenomenon is analogous to the reflection of hght bv plane 
parallel surfaces in optics 

A foimula has been worked out by Crandall,* under certain assumptions, for 
the vanation of absorption with thickness He obtained the result 


(13) 


where ^ is the displacement amplitude (complex) of reflected wave for thickness 
I r the reflected amphtude for inhiute thickness, and a -f is the propagation 
constant of the matenal, a expressing the attenuation and ^ the phase factor in 
the material 

If wc refer to pressure amphtudes instead of displacement the formula 
becomes 


^ g-2 («+>«« 


(14) 


By measuring both the amplitude and the phase of the reflected wave, $ 
was determined for various thicknesses of absorbing material A test of the 
formula was made for cotton waste at a frequency of 1,200 by calculatmg the 
constants r, «, p, from the results at this frequency They were found to be 
r = 0 2, a — 0 12, p = 0 3b From these three constants the* reflection 
* ‘ Theory of Vibrating Systems and Sound,’ p 195, equation (270a) 
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coefficients for various thicknesses were calculated The theoretical curve 
thus obtained is exhibited in hg 3 and shows good agreement with the expen- 



Xliickiics* (i.m ^ 

Fit. 3 — Vbsorption ('oefficicnt of Cotton Waste Vanution with thitkneaa at frequoncv 
of 1,200 cycles per second 

mental results It is of interest to note that the \elocity of sound in cotton 
waste, calculated from (i, is approximatelv 21,000 cm per second 

Measurements were also made at frequencies of 250, 500, 1 000, and experi- 
mental results art exhibited together in fig 4 It is seen that the behaviour 
18 generally the same m all cases, the absorption rising to a maximum at roughly 
JX for each frequency, then falling away and finally becoming constant 
Results were also obtamed for felt and for cotton wool in layers They are 
shown in fig 5, where the same effect is again evident, but in these cases it is 
seen that the final constant value is reached much more quickly than in tlie 
case of cotton waste 

Variation mth Distance of Specimen from the Baching Plate - Measurements 
of amplitude and phase of the sound reflected from ^mch felt plated at 
different distances from the plate were made at frequencies of 800 and 1,200 
The felt was chosen because its absorption coefficient did not depend on whethe 
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or not it waa rigidly fixed to the backing plate In each case the theoretK al 
curves for variation were calculated from measurements at two distances by 
formulaf) (9), (10), (11) Figs 6 and 7 show the comparison between the 



DisUiocc ^roin plulc in ^riiclion \vcivc lciK|lli \ 


Flo 6 —Absorption Coefficient of ^ inch felt at different dislanceK fiom backmn pl ite 
(ficifiueni y of HOO t jclcs per se< oiid) 

theoretical and the expeiimental icsults The agreement at 800 la excellent, 
while that at 1,200 is also satisfactory It will be noted that both theory 
and expeiimcnt agree that the absorbing power im roases very rapidly within 
a short distance of the plate, and that the results are repeated for positions 
apart 

Effect of Perforations in Substami — It was observed that when perforations 
were made in the surface of a board-hke material, the absorbing power was 
very much mcreased As an example, this is shown in Table ITT, which relates 
to a ^mch cane fibre board, before and after perforation 




104 


A H Davis and E J Evans 



Pio 7 — Alworptiou roeffi<ient of J inch felt at different distniupM from hue km" pliito 
(freqiicm \ of 1,200 evdes per oecond) 


Table III 


AlwotnUon cwBicicnt at frequency of 


Cane fibre board 1 1 cm thick ! 0 01 

Cane fibre board 1 1 cm thibk perforated with i 

fiKit. enoh Jt innh dm ! ' 

0 17-, I 


Effect of Membranp^ fastened to Sinfaci It will be* soon, ou referring to 
Table IV, that the effect of fixing various membranes to the front surface of 
soft felt-hke materials was frecjuently to increase the absorption coefficient 
the mtrease being greatest at lower frequencies As a result the absorption 
18 more uniform over the frequenct range employed 
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Table IV —Sound Absorption Coeflicients determined by the Stationary 
Wave Method {Figures tn braclets rdate to the phase change on reflection, 
and give in centimetres the displacement (^8 of equation (6) ) of the stationary 
mix system tomrds the speamen ) 


A - General Absorbents 


Material 


Steel bucking plaU 
Cotton waste* 


Cotton wool* (m layers) 


Cotton wool* (in lajen) 


Felt (hair)* (in luyei's) 


Different samples 

Felt (hail)— 
lit sample 
(2nd sample) 

Felt (hair) 

Felt (red hair) 

Felt* at distanoo from bael 
ing plate in oms — 


2 7 

3 6 


rhiik 


AlMiiptiun tutmeiont for frequent) 
(tjtlts per second) 


0 01 0 002 
— ' 0 10(f 0) 

0 26 (7 4) I 0 07 (0 8) ' 
0 48(9 7) 0 91(7 «) , 

0 72(11 7) I 0 98(2 4) 1 
0 91 (6 7) I 0 87(1 1) I 
0 92 (0 0) I 0 95 (2 0) 


I 0 000 


0 69 (2 0) 
0 77 (0 0) 
0 74(0 8) 
0 75 (1 1) 
0 75(1 1) 


1000 


0 004 

0 76 (4 3) 

1 0 (-6 7) 
0 9J(-1 2) 
0 89 (0 3) 

0 94(0 8) 

0 93 (0 3) ( 


1,200 


0 002 
0 89 (4 3) 

0 97( -3 1) 
0 91 (-0 6) 
0 92 (0 7) 

0 95 (0 5) 

0 97 (0 1) 

0 64 (1 7) 

0 91(1 0) 

0 87 (0 4) 

0 86 (0 4) 

0 80(0 4) 

0 86 (0 7) 

0 87 (0 7) 


0 47 (1 4) 
0 74 (1 0) 
0 69 (0 6) 
0 68 (0 7) 
0 68(0 7) 
0 67 (0 7) 
0 76(0 8) 
0 76 (1 0) 


0 03 
0 04 
0 07 
0 08 


0 10 
0 11 
0 21 
0 19 


0 26 
0 26 
0 41 
0 36 


0 S') 
0 43 
0 36 


0 

0 


46 

15 


0 244 (1 2) 

0 81 (1 6) 

0 864 (0 3) 

0 825 (-0 0) 
0 781 (-0 6){ 
0 718 (-0 0)1 


10 436 (1 16) 
lO 836 (0 8) 

0 80 (-0 1) 
0 795 (-0 3) 
0 735 (-0 4) 

0 66 (-0 6) 
0 543 (-0 4) 
0 292 (-0 06) 


* Not cemented to backing plate 
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Table IV A —(continued) 



Table IV B - Special Absorbents 



Not cemented to booking plate 
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Table IV B —(continued) 


Thick 


AabestOH akniietiooe f< It, 
covered with brown paper 
Do , covered with perforated 
brown paper 

Flaxllnum j 

Do (2nd sample) 

Masonite 

Do (2nd sample) I 

Masonite* 

Nashkote Type- 
B332 


B316 

Do , with cover removed 


2'50 


1 9 0 21 

1 9 - 

2 8 0 16 (2 «) 

2 8 0 20 

I I 0 07 

I 1 0 08 (0 3) 

II 0 09 (0 3) 

1 2 0 04 

1 9 0 09 

1 9 


Absorption coefficient for frcqueiicv 
(cycles per second) 


jOO 


0 37 
0 23 

0 40 (2 1) 
0 66 
0 09 

0 10(0 2) 

0 12 (0 3) 

0 09 
0 2H 
0 19 
0 16 


800 

1 000 

1 200 

0 44 

0 46 

0 66 

0 61 

0 66 

0 81 

0 68 (0 8) 

0 68 (0 3) 

0 65 (0 2) 

0 66 

0 60 

0 58 

0 U 

0 U 

0 14 

0 13(0) 

0 13 (0 Ofl) 

0 15 (0 16) 

0 19 (0 2) 1 

0 30(0 1) 

0 26 (0) 

0 21 

0 29 

0 40 

0 69 

0 76 

0 86 

0 39 

0 62 

0 70 

0 30 

0 39 

0 64 


* Not ceinontod on barking plate 


Appendix Short Dcscuption of Materials 


Material Description 


Akousti oelotex KB 


Balsam Wool Sound Ab 
sorbent 
Cabot quilt 

Oelotex 
Hair felt 

Flaxlinum 
Masonite 
Hair felt (red) 
Nashkote B332 


Perforated cane fibre lioard 1^ mch thick, 1 07 lb per square loot, 441 
' holes per square foot -jjr inch diameter, 1 1 inch deep Perforations 

! Perforated cane fihn Isiard ff inch thick, 1 11 lb per square foot, 441 
holes per square foot, inch diameter, 4 im h deep Perforations 

1 Perforated oano fibre board f inch thuk, 0 48 lb per square foot 
I Completely perforated 

Soft wood fibre faced with opm meshed rausbii, backed with asphalted 
kraft paper 1 inch thick 0 22 lb per square foot 
Isel grass quilted in envelope of brown paper J inch thick, 0 32 lb per 
I square foot (No eoveniig membrane ) 

( ane fibre boaixl jr Inch thick 
, 4 inch thick, 0 54 lb per square foot 
f inch thick, 0 81 Ib per square loot 
I Scrai stiff flax fibre board 1 moh thick, 1 17 lb per squaio foot 
Pressed board about \ inch thiok of fine wood fibres 
1 inch thick, 0 48 Ih per square foot 

Asbestos hair felt with cover of perforated oil cloth cemented on 
surface Perforations A l"vh diameter, 10 per square inch, 4 inch 
thick, 0 47 lb per square foot 

4s above, but thickness i inch Two samples gave 0 71 and 0 77 lb 
per square foot respectively 


Relation between Stationary Wave ResuUs and Values obtained by Reverberation 
Method - In the stationary wave method of measuring absorbmg power a 
small specimen is used, and the sound is mcident perpendicularly, whereas 
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in actual practice, when absorbents are used m auditoriums, the sound is 
incident m a random manner upon large areas Agam the method of mounting 
matenals m an auditonum on studding or otherwise may allow vibration of the 
absorbent, with some consequent effect upon the absorption, not covered by 
the stationai v-wave test in which specimens are usually adherent to the backing 
plate It IS to be noted that a certain method of testing absorbents - the 
reverberation method— uses large samples mounted under practical conditions 
in a large test room, and gives results dircc tly apphcable to auditonum require 
ments I n view, however, of the cheapness and convenience of the stationary- 

wave method for comparing materials on a small scale, it is desirable to consider 
what relations hold between the coefficients determined by the two methods 
A theoretical formula for the relation has been given by Dr Pans,* which, 
strictlj. speaking, should apply only to hard porous materials such as porous 
plasters As a matter of inti rest it was apphed to results obtamed for ^-inch 
felt at 50(» cycles per second as obtamed at the N P L The average stationary 
wave value was 0 11 From this Dr Paris’s formula indicated that the 
reverberation coefficient should be 0 17, miasurements upon three different 
samples agreeing to ± 00^ Actuallv the reverberation coefficient of a 

large sheet of the same felt earned out under somewhat adverse conditions 
was found to be considerably greater than this Also a reverberation coefficient 
for Akousti-celotex BB at 500 cycles per second, estimated m the same way from 
an observed stationary wave value of 0 40, was calculated to be 0 49 Watson, 
however, found 0 70 for this material by the reverberation method 
Clearly the reverberation coefficient for these matenals at 500 cycles per 
second is greater than the stationary wave value, but the difierenc e is greater 
than that calculated from Dr Paris’s formula 
Companion between Stationary Wave and Reverberation Results for varums 
Materiah — In tlie absence of a theoretical formula applicable to all types of 
materials and m view of the importance of reverberation figures. Table V has 
been compiled from such data as is available, showing the actual experimental 
ratios between the two The stationary wave coefficients employed m calcu 
lating the tables are those given in Table IVn The reverberation results 
have been compiled from various sources indicated It should be clearly 
understood that, whilst the materials arc proprietary articles which have the 
same name, the samples were tested at widely different tunes m different 
countries and may well differ appreciably In this connection, for instance, 
two samples of the same felt like material weighed at the Laboratory varied 
* ‘ Phil Mag vol 6, p 480 ( 1028) 



Measurement of Ahsmhtnq Power of Materials 


105) 


some 8 per cent in weight per square foot, and occasional samples of a com 
pressed board-like absorbent were found to be specially absorbent owing to 
looscmiig of surface layers Indeed, pubbshed reverberation figures foi 
commercial materials of the same name obtained by different laboratones differ 
themselves m extreme cases by as much as 20 per cent as is illustrated 
in Table V by the ratios given for akousti-celotex B and BB Variation is 
also shown in the two sets of values for balsam-wool For these reasons appreci- 
able variability is to be expected m the ratios for given frequency in Table V 


Table V —Relation between Stationary Wave and Reverberation Results 


Matonal 


Ratio ttover^ration oo cffloient 
Stationary wave ooeffioient 


250-236 


500 .12 


1 000-1,024 


Sourto of reverberation 


Akousti celotex 
BB 
C 
B 
B 
B 
BB 

Balsam wool sound, 
absorbent — 

1 inrh 
Celotex* 

Felt, asbestos hair - 
i inch 

Flaxknum, 1 inc^h 
Nashkote — 

B332, i inch thick 
B332, i inch thick 
B316, } inch thick 
Masonite 


2 0 
2 2 
2 2 
2 2 

3 « 
5 4 

4 7 
2 1 
2 7 

4 8 

2 7 

3 7 


1 4 
1 8 

0 3 

1 1 



3 8 


1 2 Watson, 1927 

18 Uatsoii, 1927 

1 1 Watson 

10 PL Sabiti. 

1 4 Bur standards 

12 PL Sal. , 

2 0 I Watson 

2 2 'PL feabine 

1 8 ; 

2 8 I P L bahuie 

12 P F Sabine 

1 0 I Watson 

2 3 I P V Sabine 

10 PL Sabine 

14 PL Sabine 

3 3 PL Sabine 

I 


♦ Information concerning the rovcrbcratioii coefficient of cclotex was received too late for 
these pomts to be included m fags 8 and 9 They are, however, in good agreement with the 


An inference from the table is that the reverberation coefficient m the 
ordmary practical range is generally greater than the stationary w a\ e coefficient, 
the ratio being greatest for low frequencies 

In fig 8 the ratio between the reverberation coefficient and the stationary- 
wave coefficient has been plotted against the absorbmg power determmed by 
the stationary wave method In the case of the matenala akousti celotex B 
and BB already referred to (stationary wave coefficients 0 23 and 0 40, 
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Fm 8 — Sho\Mng the Ratio (nnerberation ooeflSoient/Btationan wave c(x»ffioient) plotted 
against the stationary wayo coefficient for a frequenoj of about 500 cycles per 
second 

respoctivcl)), ratios obtained from two sources of reverberation figures have 
been plotted A curve has been drawn to indicate the trend of the results, 
but in view of the miscellaneous nature of the materials a defimte relation 
18 not to be expected Similar results were obtamed at other frequencies 

Tlu f xpenments weie carried out in the Physics Department of the National 
Physual Laboratory The authors express their acknowledgments to Dr 
G W 0 Kaye, 0 B E , Supenntendent of the Physics Department, for mterest 
and encouragement Mr E Berry, Observer, assisted m the early stages of 
the work and constmctcd parts of the apparatus 
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Charactenstic Enerqy Losses of Electrons Scattered from Incandescent 
Solids 

By Erik Rudberc, Nobel Institute, Stockholm, Sweden 
(Communicated by 0 W Richardson, F R S — Received January 13, 1930 ) 
Inttoductimi 

The electron emission produced when solid conductors are bombarded with 
electrons of controlled speed has formed thi subject of a groat number of 
investigations It is now generally recognized that this emission consists of 
three different parts (1) Primary electrons, trulv reflected without loss of 
energy , (2) electrons scattered back with reduced energy , and (3) secondary 
electrons proper, with very low velocities, which would seem to be produced 
from the atoms of the target by tho same collision processes that give rise to 
the second group In recent years considerable attention has been paid to 
the reflected electrons, the angular distribution of which reveals their wave 
character, if the target is a dehnitely orientated crystal of the substance in 
ciuestion Some time ago I made some mtasurements on the velocity spectrum 
of the emission produced by electron bombardment, using a magnetic deflection 
appaiatus of fairly high rcsolvmg power f The principal object of this 
investigation was to look for evidence of groups of electrons with character- 
istic velocities related to the soft X rav levels of the substance From certain 
theoretical considerations such electrons might be expected to bo present in 
the emission J Tai gc ts of litiuum, berylhura, boron, carbon and al uminium 
were tried but in no case was there any evidence of electrons of the kind in 
question These results are discussed in the paper mentioned The distribu- 
tion curves obtained for different targets and bombarding voltages ranging 
from 40 to 900 volts were all similar in shape The reflected elections pro- 
duced a sharp and narrow peak separated from the rest of the curve by a 
very deep mimrnum The curve then rapidly rose to a maximum, corre- 
sponding to scattered electrons which had lost an energy equivalent to 25 

* Davisson and Germer, ‘ Phys Rev ,’ vol 30, p 706 (1927), \ol 33 p 760(1929), 
‘Nat Acad Sii Proc vol 14, p 317 (1928), Davisson, ‘J Franklui Inst,’ vol 206 
p 697 (1928), and vol 208, p 671 (1929) D C Rose ‘Phil Mag ,’ vol 6, p 712 (1928) 
t Rudberg, ‘K Svenska Vet Akad Handl ’ vol 7 No 1 (1929) 
f Richardson ‘Roy Soo Proc ,’ A, vol 119 p 631 (1028), Rudberg ‘ Ro\ Soc Proo ,* 
A, vol 121, p 421 (1928), and loc ett 
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volte m the colbsion In addition to these, some experunente were made with 
targets of platinum and carbon, which could be kept at mcandescence also 
when readings were taken It was found that new maxima appear at high 
temperature, nearer to the reflected peak, and that the 25 volt maximum becomes 
very faint but reappears after some tune on coohng These changes were 
repeated several times It was concluded that the 25 volt maximum was 
produced by an adsorbed layer formed on the cold target in the high vacuum, 
whilst the new maxima with hot targets should probably be regarded as 
characteristic of the target substance itself Somewhat similar effects have 
been observed by Brown and \\ hiddmgton using a photographic methml * 

The present mvestigation is a continuation of these experiments with heated 
targets The mfluence of the magnetic field set up by the heating current 
for the targets in the earlier apparatus made it necessary to work with fairly 
high bombardmg voltages, and owing to the limited resolving power in this 
region the characteristic features of the curves near the reflected peak could 
not be traced accurately The apparatus used in the present work is essentially 
in improved form of the earlier one To avoid complications I have only 
studied targets of non magnetu material , these are copper, silver gold 
platmmn, and the oxides of magnesium, cahmm, strontium and barium 

Desc) iplion of Apparatus 

The various parts of the experimental arrangement employed are all 
mounted on a laige glass stopper, provided with a tube of large bore, joined 
to the pumping system, and several narrow tubes for wire connections A 
long, yo nun wide glass tube, closed at one end, surrounds the whole , it is 
joined to the stopper by hard seahng-wax The inside construction consists 
of three parts the electron gim, the small box containing the target, and the 
large deflexion box, to which the tube shielding the electron collector is directly 
attached These are all shown in fig 1, « , b represents a honzontal section 
through the plane of the shte in the deflexion box , c gives vertical sections 
showing details of the mounting of the target box and the target holder All 
metal parts are made of pure copper, silver soldered or bolted together bj 
copper screws The particular shape of the target holder was chosen m order 
to reduce the magnetic field of the heatmg current to a minimum For this 
purpose connexion to the ends of the thm strip used as a target is made through 
strips of sheet copper m the plane of, and parallel to the target, the direction 

* Brown and 'Whiddington, ‘ Leeds Phil Lit Soc Proc.’vo) l,p 162(1927), VVhiddmg 
ton \b\d , vol 1, p 242 (1928) 



Energy Losses of Electrons 


113 



J?io 1 


of the current in these strips being opposite to that m the target The leads 
for the heating current are insulated from each other and from the target 
box by thm pieces of mica and very short bits of quartz tubing The target 
box IS insulated from the deflexion chamber by sheets of mica 


voi oxxvit — J 
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'I'lu Homi-cvliiuhical wall of the deflexion box is made removable to allow 
adjustment of tlu inside parts , it is provided with flanges which ht verj 
(losely to tlu otln r walls of thi box to which it is fastened by 10 screws 
The entrain ( and e\if slits are cut b\ a sharp la/or m thin sheet copper and 
ixaimned iindi i tlu microscope They tire attached by screws to the inside 
of the box 111 siuh a way that they cover the corresponding wider sliis m the 
rigid base plati of tlu box The correct adjustment of the slits is ihcchcd 
and then distaiuc apait measured with tlu aid of a dividing machini The 
width of tlu (lei tion b( am which is analysed m this apparatus, m determined 
1)\ 1 third slit in tlu lentral partition of the box, the two extra screens merely 
sciving th( (luijHisi of cutting down the effect of stray electrons The 
dimensions of tlu slits usid m the present research arc iMitrance sht 2 5 > 

(I (KSt, exit sht 1 0 071, central slit 2 5 > SI, all in millimetres The 

slit 111 tlu taig(t box IS 1 0 0 7 mm The distance Ik tween entrance and 
( \it silt was found to lie 10 95 mm , tlu mean ladius hence very nearly 25 0 mm 
Kiom these data the greatest relatiM interval of velocity Ai’d’, within which 
I hetrons an lolhctid for a given vahu of the deflecting field, may be calcu 
lited* , tlu smallness of this quantity measures the resolving power Tii the 

jiiesditerse muxiiniim ^ -0 (» jiei eeiit 

Vfter a geioel main i ladings had been taken with this apparatus, in which 
onlv eleetrons si attend in a direction at light angles to the primary beam are 
studied, It was thought elesirabh to try similar experiments for electrons 
seattere'd in otlu i diioctions For this purpose the apparatus was altered 
111 such a way is to allow measurements of the velocity distribution among 
tlu scattered eh e tions to he take n foi a senes of eliffcient angles m succession 
keeping otlu I conditions constant The change in the former tlesign consists 
e ssentially in tlu iiitrodiie tion of a new e onstruction, winch replaces the eleetron 
gun and the taiget box and which m rigidly attached to the deflexion chamber 
III the same way as the latter The new construction is shown in position in 
fig 2, tt anil b in a the ne*arest eoinei of the uppaiatus is to bi' imagined cut 
open, as indicated in emh'r to show the interior parts, 6 is a top view Fig 2, c 
lepresents a vertical section through the centre's of the two wheels to be scon 
in fag 2, b Tlu upper one of these wheels, the axis of which coincides with the 
axis of the whole tube merely serves the purpose of transmitting a rotating 
motion to the similar pulle v attached to the electron gun and target to Ik 
rotated A simple coupling enables the first pulley to be turned from the 
* Kuilberg Inc eit 
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vapour pressure made by the Metropolitan-Vickers Electrical Compau> 
When lubricated m this way the joint worked very satisfactorily 

The long, very narrow electron gun of this apparatus constitutes a rigid 
stem to which the other revolving parts, particularly the target holder, are 
attached It is fixed to the pulley with its upper end and to another wheel 
with its lower part m such a way that it remains parallel to the slit when it 
18 made to pivot round the common axis of these two wheels, which is also 

• t' R Burch Roy 8oe Proc ,’ A voi 123, p 271 (1220) I am much mdobteil to 
Prof Siegbahn of Upsala who very kindU let mo have some of the oil given to him 
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parallel to the sht The target is a narrow strip, stretched as nearly as possible 
along the axis of rot,ition The target holder is insulated by stnps of naica, 
and the construction is such as to reduce the magnetic field due to the heatmg 
current to a minimum The same precaution has been taken in the con 
struction of the hot filament source, nvhich is insulated by a (part/ tube fitting 
snugly into the gun tube Electneal connexion is made to the foil at the top 
ind to the filament at the bottom, by means of very soft copper springs, which 
do not impede the motion appreciably The position of the gun with respect 
to target and slit t-au be read from the outside by the aid of a fixed index and 
a circle divided in 24 parte, which is drawn on the top wheel 

Mfthoih 

Keeping the bombarding voltage constant, theie arc t^vo different methods 
which ma> be used to obtain the velocity distribution of the fast electrons 
from the target In the first of these the target box and the target are directly 
connected to tht deflexion chambei The magnetic field, parallel to the slits 
IS varied by small steps o\ei the region corresponding to the velocities in 
fHipstion according to the lelatioii 

n = erH//«, (1) 

where i is the velocity an < lectron must possess to be able to follow the semi 
< ircular path of radius r defined by the three shte, when the deflecting field is 
H For each setting of the slit, the current to the collector behmd the exit 
sht 18 measured This method which was the one adopted m the previous 
work referred to, will be called the method of the vaned field Smee the energ) 
of the electrons is proportional to the square of the velocity, and the lattei 
proportional to the first power of the field and hence to the coil current, it is 
necessary to plot the results against the square of the current in the magnetn 
cods to obtain the distribution with respect to energy A further disadvantage 
with this method is that the magnitude of the velocity mterval selected by the 
shts IS proportional to the velocitj , which means that the electrometer readings 
must be divided by a quantity proportional to the square of the coil current 
to give the actual number of electrons of the corresponding energy m the 
distribution 

The second method consists m kcepmg the defleotmg field fixed at a value 
slightly higher than that which would focus the fastest — ^truly reflected— 
electrons on to the exit sht, and lowering the potential of the entire system 
target box and electron gun, by small, measured steps In this way the 
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l>ombarfhiig voltage remains the game all the time, but the electrons i mergmg 
from the slit in the target box are accelerated m the narrow apace between 
this and the entrance aht, ao that they enter the deflexion chamber with an 
< nergy winch is greatei than their initial energy b^ an amount equivalent to the 
applied potential difference If the total energy of the electron on entering 
the deflexion box corresponds to the particular velocity which satisfies equation 
(J) for the value of tin fixed magnetic held in question the electron is captured 
by the collector As the applied potmtisl difference is increased electrons 
which have lost a gn ater amount of energy m the collision are directed to the 
follector for the gam of kinetu i nergy m the aicderating held makes up foi 
the loss m the target Ohviouslv llu npjilied potential difference provides a 
measure of the incigy loss and it i> only met ssary to dctcinime the true 
/cro of the em rgy sraii Tins is done by obscning the value of tin applied 
potential for i\hicli the truly lellected eketrons are directed to the collector 
This method winch will be referred to as the method of accelerating 
potential, has anotlu r advantage besides that of the linear scale It is obvious 
that the electrometer readings give a dircc t measure of the number of electrons 
which have suffered the corresjuinding energy loss, since the magnetic field 
remains the same all the turn But there is also a disadvantage with this 
method In the method of the varied field, the emission which is analysed 
d( rives exactly from the same spot of the t irgct, whatey er the value of the 
field , this IS easily rei ogmsed, if the two limiting tiajectories m fig 1 , 6 , are 
extended back into the targit box In the second method this is no longir 
the case, for whi reiis the path inside tin deflexion chambei is the same for 
all electrons analysed, thi tiajcetorus in the target box are more curved the 
lower the initial energy of the electrons Hence an electron, if it is to be 
counted, must start from a point nearer to the axis of the apparatus the greater 
the energy loss In the first apparatus the bombardment is sufficiently 
uniform over the area of the target icqmred bj. the differences in speed in the 
region investigated , for the rotating target, however, the area bombarded 
18 so narrow that this shift often produces a considerable distortion of the 
distnbution curves obtained by the method of accelerating potential For 
this reason I have used both methods altematmgly As regards the first of 
the two, the range of velocities of the scattered electrons which is studied in 
the present case is so small relatively, that the readings may be plotted directly 
against the coil current without recalculation and the corresponding voltage 
scale marked down 
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Experimental Proctdure 

As a support for the diflerent substances investigated, strips of platinum 
foil, 0 003 mm thick, have been used throughout When targets of the 
other metals wore studied, small rectangular pieces were cut from a thm foil 
of the metal , two parallel slits were maile m the small piece and the platinum 
strip passeil through , finally the projecting edges were turned back and the 
whole was pinched tight together Such a platinum strip w ith a coatmg of 
a less refractory metal in the middle, is f asy to heat and does not burn through 
if overheated for a moment as does a simple strip of tlu metal in cjuestion 
The oxides Here deposittd on a platinum surface, roiighmcd with a piece of 
emery paper, by evaporating solutions of the mtrates in the usual way 

After assembly tin tube received a heat treatment m an electric furnace 
the temperature of which was raised to 400® C A cooling mixture carbon 
dioxide and acetone — was then applied to the mercury trap ind the filament 
and the foil luxated for some time , then the bombardment was started with 
the foil still kept at Incandescence In general the e\peiim(nt with anv 
particulai target extended over a jieriod of 4 dajs at least, during which time 
readings were taken several hours every da> , sometimes an experiment would 
last more than a week In these experiments, not only wcic the pumps and 
tlic m< rciiry trap maintained iii operation during the whole time, but both the 
tilainont and the foil were kept glowing e ontinuoiisly, day and night It would 
therefore appear that the targets must have been rather well degassed in 
these experiments As a matter of fact, the McLeod — of the large type, 
calibiated down to 10“'’ mm — alwajs indicated ‘sticking pressure” uiidei 
these (onditions A few luns taken with pressures ronsiderably higher than 
this, ol the Older 10 “ mm , did not reveal any change in the curves due to the 
increased pressure It should also be mentioned, that in no case was there 
any trace of a tungsten deposit to be ^ouiid on the targe ts when removed at 
the end of an experiment As a matter of fact a deposit of this kmd soon 
formed on the inside of the target box, and in such a position as to suggest that 
the particles of sputtered tungsten from the filament were largely specularly 
reflected at the hot surface of the target In some of the experiments with 
copper and silver the temperature m the first degassmg was raised to such a 
point that the metal evaporated freedy, forming a bright deposit on the sur- 
rounding walls, but when readings were taken it was tried to use such a heatmg 
current that tlic vapour pressure in front of the surface of the target could be 
neglected 
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A diagram of the electiieal connexions ih given m fig i, wboic the es8<*ntial 
metal parts of the apparatus in mdicati d schematically li\ hi avy lines Tin 



liiating cuneiits for thi* foil and thi hlaraent and the current for the pro 
duction of the niagnetii fiohl aie supplied by three separate batteries of large 
accumulatois The last two of thew currents can be adjusted very accurateh 
by means of sliding resistances of different orders of magmtude The total 
current to the target and surrounding box (MA,) is kept lonstant , with the 
rotating target, where the microammeter MA^ is omitted, the total emission 
from the falament (MAj) is instead maintained the same m taking a curve, but 
the difference is very small The bombarding voltage, supplied by a high 
tension battery with a potentiometer for fine adjustment, is measured by the 
precision voltmeter with a high senes resistance Rj Except in the hrst 
measurements with the method of the varied held, the voltage was kept very 
sensibly constant by balancing the potential drop across thi instrument b> 
the aid of an extra circuit, comprising an accumulator and a high resistance 
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box Rj Rj , Gj 18 a galvanometer The accelerating potential difference 
used m the second method is supplied by a battery of small accumulators 
adjusted by a sliding resistance potentiometer and measured by the precision 
voltmeter Vj 

The first measui* rnents of the current to the collector were made by tuning 
the motion of the electrometer needle as the quadrants charged up (electro 
meter sensitivity, 3000 mm /m for I vo^^) Latei this method has only been 
used in the legion of the true reflection, where the currents her ome very large 
Kor tlio rest of the distribution curves the quadrants are shunteil with a high 
resistance R^ — a qu artz fibre with a thin film of sputtered platinum- and the 
steady deflection of the needle is observed 

To supply the magnetic held I ha\ e used the pair of Helmholt/ c oils pn 
Moiisly ( mplo>ed, giving 66 62 gauss pei ampeie A precision ammeter is 
included m the circuit, but the current is measured with a higher accuracy b\ 

( mploying the usual method of balancmg the potential drop across a small 
lesistanco m senes with the coils Rs R# is a potential divider of the dial 
pattern and Gj a galvanometer, used to check the b dance The laiths 
magnetic field T have compensated in all experiments by means of a large 
pair of Helmholt/ coils, mounted in the appropriate position They havi 
been omitted m the diagram 

R&wlls 

1 have confined the investigation to such scatteied electrons for winch the 
energy lost in the colhsion does not exceed 50 volts A typical curve is showii 
in fig 4 for a platinum target , this was obtained by varying the magnetu 
held and timing the swing of the electrometer The dots represent the measurei 1 
points The sharpness of the peak due to reflected electrons and its height 
compared with that of the rest of the distribution curve should be noticeil 
In all the othci omves reproduced in the following, the ordmates of the part 
due to reflected electrons have been plotted in a scale which is roughly 1/JO 
of that of the rest of the curve, for the sake of < one enienct Of the two 
further maxima exhibited by the platinum curve the one correspondmg to the 
smaller energy loss is fairly sharp Sometimes this maximum is accompamed 
by one for a 3 volts greater loss, which may become so large that it almost 
suppresses the first one 

The curve in fig 6, for copper, was obtamod m the same way as that foi 
platinum There are maxima at 7 0 and 26 4 volts loss, and indications of 
similar features at 3 6 and, although very feeble in this curve, at about 12 
and 36 volts 
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The curve for a silver target, shown m fig 6, was obtained by the method 
of accelerating potential, as indicated by the manner in which the voltage 
scale 18 marked off m this case Since this curve was taken with the rotating 
target apparatus, it is beheved to come down a little too quickly on the side 
of higher energy losses, for the reasons mentioned in the discussion of the 
method There are three maxima in this curve, and the rise to the first one 
18 remarkablj steep 
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Two different spet iraens of gold have been tested (fig 7) The first f ontamed 
96 per cent of pure gold, the rest l>emg presumably copper The second held 
99 9 per cent of the pure metal On thi whole there is a fair agreement 
between the curves for the first specimen, which hke the upper curve m fig 7 
were all obtamed with a fixed target and accelerating potential, and the results 
for the pure metal, secured m the second form of apparatus and using a varied 
magnetic field In the former cast , howevei, there is near the first maximum 
a further hump for a somewhat higher energy loss, which will be seen to be 
competmg with the first maximum in the curve 
Still more sahent features are exhibited by the curves rendered by the oxides, 
particularly those of the metals calcium, strontium and barium With calcium 
oxide, for example, four different deposits have been tested and the different 
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inothods ( mplovtd usuif; both types of apparatus Altosethoi more than 
$0 distribution measurements havt bun securid with this substance all of 
which show the same kind of curve In figs 8 and *) distiibution curves arc 
given for the oxides of the four metals mentioned They weie all obtained 
with the method of accelerating potential Each of the thiec oxides CaO 
SrO and BaO gives rise to two conspicuous maxima, which appear to shift 
in the same direction from one element to the next m proceeding down th* 
senes Besides these mam maxima, there appears to be several small ones 
particularly in the case of calcium oxide The eurve for magnesium oxide 
in hg 9 has at least one well developed maximum at 22 7 volts Of the others 
the one m the neighbourhood of 1 7 volts is usually brought out fairly well iii 
the curves 

Before proceeding to give the numerical results of the different experiments 
to fix the position of these maxima in the curves, a few words must be said 
about the question how the distribution depends on the angle of scattering 
This has lieen studied with the apparatus where the target and electron gun 
could be rotated, m the case of targets of copper, silver, gold and calcium oxide 
It should be mentioned that the angle at which the bombarding electrons 
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■itriki. the plum snrfuti of the target leniains constant in these experiments 
since the lattei rotalis together with the gun This angle was about 30° 
in all the measuuriunts A typical scries of distribution curves for diSerent 
ingles of scattering measured from the initial direction of the primary electrons, 
IB shown in fig 10 These seven curves were all obtained by the method of 
varying the magnetic held, using a copper target The bombarding voltage 
was the same m all seven ( ases , the very slight shifts of the scale whu h some 
of these curves exhibit, when compared with the others, are probably due to a 
small error m the adjustment of the rotating system, with the effect that the 
scattering studied does not take place at exactly the same points of the target 
for different settmgs This may produce a small change m the eneigy of tin 
bombarding electrons, on account of the voltage drop across the strip and the 
filament The mclusive potential drop, measured between the leads outside 
the tube, was generally about 1 volt for the strip, and about 1 5 volts for the 
filament 



Eji^njy Losset of Electrons 


125 





Fig 10 cleaily shows that the position of th< maxima is mdependent of tlu 
angle of scattering, at any rate for tins range of sonic 70° All the other 
measurements support this conclusion In fact, the shape of the distribution 
curve IS almost exactly the same for all angles It is doubtful if any meamng 
shouhl be attached to the variation of the relative intensities of the maxima, 
which may be found in these curves, and which sometimes occurred in othci 
expenments of the same kind Such changes would frequently take place 
for the metal targets also m the measurements where the scattering angle 
remained fixed, owing to uncontrollable changes in the conditions 

In my first paper on this subject, I was able to show that, if the distribution 
18 plotted as a function of the energy, maxima of this kmd retain a hxed position 
with respect to the reflected peak over a considerable range of the bombardmg 
voltage In the present expenments I have hence mostly restricted the range 
of the bombardmg potential to such values as were favourable for a determina- 
tion of the position of the characteristic humps m the curves Notwithstand 
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mg, the data presented in the following tables supply valuable additional proof 
of this statement 


Numprival Data 

Tlu following tables give tin position of the diffi rent maxima, or indii ations 
of maxima, in the curves, measured in volts from the centre of the pi'ak dm 
to reflected electrons Tht bombaiding voltage and the kind of method 
employed are also stated '1 in diffi ri nt turves are numbered m chronological 
order Where several taigits of the snmi substaine have bien tested thev 
are distinguished os 1 11 eti Tht symbol Pt' itftrs to a silver target backed 
with platinum, from which the siKei luul bei ii distilled off completely, befort 
the measurements win starttd 


Tabh 1 Copper 


laruil [ Ni> I Voltugi Method 

I a ill a sar ruld 

29 IJ7 Z 

36 Hill -I 

3(1 204 0 

27 2J2 4 

32 276 1 

34 306 I 

2S J40 7 

31 411 S 


Vi V, 


7 2 
7 0 
7 1 


II 7 
7 5 
« 3 


V, 


27 0 
20 K 

28 0 
26 4 
20 1 
26 2 
24 2 
24 9 
24 1 


II 7 0 1 25 H 


171 

170 


p.t 



180 

18.3 

181 


pot 


7 0 12 S 
0 3 12 0 
0 8 12 7 
0 8 12 0 


24 5 34 9 
24 7 33 7 
24 7 34 4 
26 I 36 1 


(1 8 12 7 24 S 


34 -» 


IV 


264 0 



(lU 

81 

93" 

106' 

117 

137" 


0 i) 12 9 
0 1 11 9 
0 7 12 8 
0 0 13 0 
6 0 13 1 
06 i 12 9 
6 8 13 0 


66 , 12 8 
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Tabh f (continued) 
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Table in -Gold 


No Voltage ‘ Method 


366 1 
■J76 1 
377 0 
300 0 
401 9 
417 5 
438 6 
458 9 


7 3 j 

8 4 
7 1 I 


Mean of all meaaun menta 
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Table IV —Platinum 


Target j No 

Voltage 

Method 

V, 


V. 

V4 

I ' 3 

03 0 

var field 

6 3 




fl 

136 1 


6 3 




1 

100 1 


6 8 


26 2 


fl 

256 6 


6 4 


25 9 


1 

366 6 


6 W 


26 7 


4 

640 2 1 

6 0 


26 9 




6 1 


26 9 


11 125 

203 6 

nee jwtf 

0 6 




124 

224 6 



9 1 



116 

240 0 


6 tt 

0 7 



116 

262 0 


6 5 

0 8 



117 

283 4 


6 7 

9 6 

23 8 


118 

304 0 


7 0 

9 3 

24 3 


119 

324 8 


6 8 

9 4 

24 2 


120 

344 1 


6 3 

8 9 

24 3 


122 

386 2 


6 4 

9 3 

24 1 


123 

416 0 



8 9 

24 2 


126 

437 3 


6 0 







6 8 

9 3 

24 1 


ni 104 

260 0 

BOO pot 

6 1 

8 7 

25 4 

)2 I 

1 164 

270 3 


6 2 

10 1 

24 5 

33 7 

163 

282 2 


6 8 

9 4 

25 5 

j 

168 

206 6 


6 5 

10 0 

24 1 

34 1 

162 

317 1 


7 0 

9 4 1 

26 6 

33 9 

160 

332 9 


7 0 

9 7 1 

24 1 

1 33 8 

166 

369 9 


6 8 

9 4 1 

23 8 

t 

161 

270 1 


7 4 

9 4 

25 6 

33 9 

160 

386 0 



9 2 1 

24 6 

33 3 

169 

410 8 



9 6 ! 

24 8 

33 4 

168 

436 2 



9 (> 

26 0 

‘ 33 2 

167 

458 7 


7 1 

9 7 

25 1 

1 34 6 




6 8 

9 5 

24 8 

33 7 

Mean of all ineaaurementf* 

O'- 

9 4 

24 8 

1 

33 7 
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Table VII — Calcium Oxide 
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Table VIII — Stroatium Oxide 


Target 

No j 

Voltage 

Method 

V, 

V. 

V, 

v. 

V, 

I 

1 

66 1 

268 0 

oco pot 

6 4 

9 7 

13 9 

25 0 

31 6 


66 1 

306 0 I 


9 7 

13 3 


32 1 


67 

336 0 


7 4 

10 1 

13 7 


31 7 


68 

360 0 


7 6 

9 9 

13 1 

24 6 

31 4 


69 1 

380 4 


7 3' 

9 6 

13 1 

24 7 

31 6 


' 70 1 

404 4 1 

j 

7 6 1 

9 8 

12 8 

25 3 

31 4 


71 I 

439 9 


7 8 

9 9 

13 1 


31 7 





73 j 

9 8 

j 13 3 

25 1 

31 a 

11 

1 74 

163 9 1 



1 9 7 

13 4 

24 1 



72 

467 2 


7 2 

1 8 9 

■ 12 8 

26 3 

30 7 


j 1 

49t) 1 

1 


9 1 

1 12 4 

26 7 

30 6 




1 

7 2 

9 2 

1 12 9 

26 0 

I 30 6 

HI 

76 

239 0 

a« pol 

I U 8 

9 7 

13 4 

24 6 

31 7 


1 75 

273 9 

1 

9 3 

1 11 5 


31 6 


1 78 1 

286 0 


' 7 3 

9 5 

12 7 

25 3 

31 4 


I 77 1 

313 8 

i 

7 6 

.I”. 

1 13 0 


31 3 


1 



7 2 

9 6 

1 13 2 

24 9 

31 5 

IV 

224 

331 2 

accpo. 


9 3 

13 6 

24 0 

12 5 



362 2 


9 5 

13 8 

24 8 

32 6 






9 4 

13 7 

24 4 

34 6 

Mean of all measurements 


7 3 

9 6 

13 2 

24 9 

i 

11 6 


Table IX — Barium Oxide 



Voltage 


Method 


94 0 
126 9 
21fl 3 
262 8 




282 8 
308 1 
347 3 
370 1 
414 8 


328 0 
391 9 


j V. I V. j V, V. 

1 I 17 0 26 2 

' 10 I 18 1 24 8 

, 10 3 

10 4 16 0 26 0 

I 10 6 16 2 24 2 12 7 

I 10 1 16 2 24 0 33 4 

, 10 6 16 8 25 8 32 7 

10 6 17 1 26 6 33 2 

I 10 6 16 6 26 5 32 8 

I 10 6 16 4 25 6 

10 4 16 7 25 1 32 7 

, 11 4 26 6 

1 11 6 17 3 26 1 

] 11 4 I 17 3 I 26 3 I 


Mean of all measurements 


10 6 


16 8 


32 
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It may seem strange to take a simple mean of all the values in the vicimty 
of 25 volts for gold Several of the curves for the first target give fairly definite 
evidence of two maxima in this region The corresponding maxima for the 
second target, however, have not been separated, although there is a con- 
siderable spreading of the individual values, and a separation of these values 
into two groups, with rispcct to then magnitude, would bt very arbitrary 
This IS the reason why I havetreated this pait of the curves as a single maximum 

Tn many of the cases where si veral targets of the same substance have been 
tisted it will be found that the me.in values for the different targets do not 
show such a close agreement among themselves as would be expected fioin the 
magnitude of the individual deviations wnthin each group Hence there would 
seem to be a systematic difference m these cases ft is fairlj ceitam that the 
position of these maxima is influenced to a certain extent by conditions not 
controlled m the experiments, the natuit of which remains unknown In 
some cases, the temperature of the heated target may be of some importance, 
although several experiments m which this factor was varied failed to reveal 
any mfliieme of this kind The changes m relative intensity and the dis- 
appearance of some of the maxuua should probably be connected with the 
same change in conditions, which is responsible for the shift m position Under 
these circumstances one might be inclined to regard the mean of the avenge 
positions of the maximum for each separate target as the best value to represent 
this position I have chosen, however to uso the simple mean of all deter- 
minations The difference is usually not very large , where the number of 
measurements is the same for the different groups, the two methods obviously 
lead to the same result The mean positions of the maxima thus calculated, 
together with the error in these mean values obtained in the usual waj are 
summari/ed m Tabic X 


Table X 



3 

4+0 

11 

6 

9±0 

10 

12 

3+0 

16 

26 

6+0 

31 

34 

6i0 

31 

Silver 

4 

«±0 

00 

7 

4+0 

08 

24 

8+0 

20 







Gold 

7 

3±0 

07 

10 

1+0 

29 

20 

9+0 

21 

36 

2+0 

19 




Pl&tmnm 

6 

5±0 

09 

9 

4+0 

08 

24 

8+0 

10 

33 

7+0 

14 




Pt' 

6 

0+0 

00 

11 

7±0 

12 

24 

8+0 

30 

34 

8+0 

23 




Magnesium oxide 


e±o 

10 

11 

7±0 

11 

17 

6+0 

11 

22 

7+0 

06 

33 

8+0 

13 

Calcium oxide 

9 

4±0 

07 

13 

8±0 

07 

20 

0+0 

17 

29 

4+0 

10 

36 

7+0 

13 

Strontium oxide 

7 

3±0 

13 

9 

0+0 

08 

13 

2+0 

11 

24 

9+0 

17 

31 

6+0 

12 

Banum oxide 

10 

6±0 

14 

16 

8+0 

19 

26 

3+0 

20 

32 

7+0 

14 





The data of this table are shown graphically m fig 11, where each value is 
represented by a pomted, vertical wedge The height of the wedge should give a 
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rough idea of the relative importance of the corresponding maximum for caoh 
particular substance, i p , the weight given to the corresponding value This 
was determined by the product of the number of curves showing this maximum, 
and a set ond weight factor from 0 5 to 1 0, to take account of the shape of 
the maximum in the curves (whether there was a real maximum or nunlv an 
outstaiidmg change of slope ) In ordi r that this hgurc should gi\c at least a 
rough idea of the relativ* accuracy in the different values, the Halbwerts 
breite ’ of the wedges was made equal to the calculated mean errors from 
Table X The shape of the wislgcs has, of course, very little to do w ith the 
shape of the actual maxima m the curves For the sake of bi-cvity I shall use 
the term ' (eucigy) loss spectrum ” for a representation hke those in hg 11 

Disathbiov 

Tlie smalh st values recorded are those for the hrst m vximum ui tin i as( of 
copper and silver There follows, for all the mctils tested a prominent 
a yolls m lo i<> io 



hid 11 


maximum m the neighbourhood of 7 volts Further, the metals will lie seen 
to giv e a broader hump near 25 or 26 volts, usually fairly obvious, and a rather 
faint indication of a similar feature not too far from 35 volts I am inchned 
to regard the former of these as identical with the maximum always present 
with cold targets, whatever the substance bombarded If this maximum is 
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attnbuted to some common foreign substance, the possibihty of a hump m 
this part of the loss spectrum characteristic of the metal itself should not be 
excluded The behaviour of the curves for gold may have some significance 
m this connection, but the question requires further experiments The loss 
spectrum for Pt' bears a close resemblance to that for platinum, and there is 
no reason why this target should have differed essentially from the ordmar> 
platinum ones The prominent platinum maximum at 9 4 volts, however 
appears replaced by an equally sharp one at 11 7 volts This is certainly 
not an accidental shift The possibihty* cannot be entirely excluded, that 
this last maximum is due to copper, although it doi's not seem very likely that 
the adjustment was so bad that the scattering from the copper leads to the foil 
was included in the measured entuasion to a considerable extent Also, these 
leads should have been at a comparatively low temperature m the experiments 
As regards the loss spectra for the four different oxides tested, the possibility 
of the appearance of features pertaining to the backing substance must not 
be overlooked since the deposits were sometimes thin and did not cover the 
entire suifact of the strips Both the position and the general shape of the 
first maximum in the tas< of magnesium oxidi and cahium oxidi an in agree- 
ment with the view that thesi maxima belong to the platinum support The 
same is probably true for the first and second maximum in the loss spectrum 
for strontium oxide although the value for the former one is rather lugh 
The second maximum for magnesium oxide coincides exactly with the strongest 
one in the loss spectrum for Pt' The peaks near 2'5 volts for strontium oxide 
and barium oxide are probably not related to the one common to the metal 
targets, although they fall in the same region 

It IS difficult to trace any relations between the different loss spectra as 
shown in hg 11 Although the senes of substances studied — elements from 
the first and second column of the periodic table — was chosen partly with the 
view of looking for such regularities, there is, of course, no bmdmg reason why 
a relationship should be expected As regards the metals, however, the gap 
between 13 and 25 volts shoidd be observed With the oxides there would 
seem to be some evidence of sequences in the loss spectra Thus the values 
CaO 13 8 SrO 1 5 2, BaO 10 6. and CaO 36 7, SrO 31 6, BaO 25 3, for the 
two strongest maxima m each case, show a similar trend , to the first series 
the fairly promment maximum at 17 6 for magnesium oxide could perhaps 
be added at the top The less important peaks CaO 29 4, SrO 24 9, BaO 
16 8 (to which MgO 33 8 may indicate a prolongation at the upper end) 
* Prof, 0 W Richardson has very kindly suggested this possibility to me 
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form a sequence with a similar trend 1 have no theoretical explanation to 
offer for this behaviour of the maxima in the curves , and it is, of course, 
possible that it is only a matter of chanct, to which no sigmhcance should be 
attached I think, however, that this particular feature is sufficiently striking 
in fig 11, and perhaps still more in the cmves, to justify mentioning at the 
present state of things 

Intel pietakon 

It does not seem possible to give a detailed qiiantitativi interpretation of 
the experimental results at present As to the nature of the phenomenon, 
the following conclusions may be drawn The effect is not one of diffraction 
of I'lectron waves of the usual character, which is related to the crystal structure 
of the target This is shown by its independence' of bombarding voltage, 
orientation of the target and scattering angle It is also difticiilt to imagine 
that the often complicated structure of the experimental distribution curves 
could simply represent the variation of the probability foi one single kind of 
lomsation The several maxima in the distribution curve for the secondary 
i lectrons pioper, which would be expi eted on this view have not been observed 
also, a probabihty curve of this kind could hardlv show such a remarkable 
independence of voltage and scattering angle In fact, I believe that the 
constant position of the maxima measured in terms of energv from the reflected 
piak (onstitutes definite proof that their appearance is accompamed by 
cl( finite energy changes takmg place in the bombarded atoms at the surface 
of the targets The values obtained should thus lepresent a kind of critical 
potentials for the substances m question Such potentials, secured by a modi- 
fication of the well-known method of Franck and Hertz, have recently been 
published bv H B Wahlin* for the vapours of copper and silver His curves 
show a great number of small breaks for potentials in the region from 1 to 11 
volts, some of which are not too far from the few values for targets of these 
metals listed in Table X but these breaks are m no way outstanding ones and 
it IS very doubtful if any correlation exists From spectroscopic data, the 
values for the resonance potential, IS — 2P, j, and the first ionisation potential, 
IS, should be for copper, 3 80 3 77 and 7 69 , for silver 3 76, 3 65 and 
7 54 , for gold, 5 08, 4 61 and 9 25, all in volts f On the whole it would 
seem that the two first maxima obtained reproduce, to some extent, the general 
trend of these values— the resonance doublet could scarcely be expected to be 

* ’ Phys Rev ’ vol 31, p 165 (1928) vol 32 p 277 (1928) 

t Franck and Jordan, ‘ Anregung von Quantenspriingen durch btOsse,” p 127, Berhn 
(1926) 
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resolv ed -although there are very large individual deviations (for instance gold) 
The spectroscopically determined values, however, correspond to the free 
atoms in the gaseous state, and though there may have been some metal 
vapour prestnt of a very low pressure at the temperatures of the bombarded 
targets, the greater part of the scattering must have taken place m the solid 
substaiicf, where the conditions probably were rather different from those 
governing the rt actions of free atoms Brown and Whiddington,* using 
oxide coated targets, obtained hnes which they ascribed to oxygen The 
strong maxima at 11 8 volts for calcium oxide and 13 2 volts for strontium 
oxide are fairly close to the ionisation potential 13 66 volts for atomic oxygen, 
hut the corresponding maximum m the case of barium oxide is too far removed 
to make this interpretation appear likely to be correct 

Maxima in the distiibution curves, which result from the excitation of free 
atoms, should be expected to be very sharp The greater width of the maxima 
found, as compared with the width of the peak due to reflected eleitrons, could 
be accounted for by the fact that the regions for which energy changes take ])la( c 
in sohds are often quite broad Small changes m energy, suffeied bi the 
scattered electron along its short path in the target, would produce tin’ same 
result In the case of lonizmg colhsions the energy lost should \ u\ from a 
lower limit upwards, dependmg on the amount of kinetic energv with which 
the liberated electron escapes , hence the maximum may appear sliiftod to a 
higher voltage value than the actual ionizing potential An accurate know lodge 
of the energy distribution for the slow-moving secondary electrons formed, 
and particularly of the position of its maximum, would make it possible to 
correct for this shift With this object, I have spent much time trying to 
measure the low velocity end of the distribution curves for different targets 
The influence of the magnetic field due to the heating current, which prevented 
measurements in this region m the earher work, was satisfactonb removed by 
the construction of the new target holder, but owing to the collect of space 
charge, necessarily present for bombarding currents of this magnitude, the 
behaviour of the tube was sometimes erratic When conditions were steady, 
curves very similar to those for cold targets were obtamed The position of 
the maximum in these curves— plotted against energy after recalculation — 
often exhibited changes for the same substance much greater than those in 
the curves for the scattered electrons Apart from the deformation of the 
curve probably produced by the space charge, the distribution of the electrons 
escaping from the 8urfacx> could scarcely be expected to be identical with the 
* ‘ Lewis Phil Lat Soc Proc vol 1, p 162 (1927) 
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initial one for the secondary electrons at the moment they leave the parent 
atom, since subsequent colhsions on their way out is likely to change this 
In view of this uncertainty, no attempt has been made to apply a correction 
of the kind mentioned to the data in Table X 

Recently E Rupp* has published some interesting results on the absorption 
and reflection suffered by comparatively slow-moving eUttrons m thin films 
of a number of different elements rharactoristic mavima were found in the 
curves, which were very similar for the two kinds of phenomena under investi- 
gation They are regarded as indications of characteristic absorption fie- 
quencics for the electron waves analogous to the characteristic frequencies in 
the corresponding case of optical dispersion The geneial shape of these 
maxima is often similar to that for the peaks found in the present research 
but for the few elements which have been tc‘sted in both respects, the positions 
of the maxima are different In spite of this it would seem likelv that there 
18 a relation between the two effects 

It would be a matter of great interest if a charactenstic spectrum of radiation, 
related to the energy losses found, could bo obtained by subjecting solid 
targets to electron bombardment Such a spectrum should occur m the legion 
from the visible down to the far ultra-violet In the case of metals, a survey 
of existing experimental data by different investigators has recenth led me to 
eoneludc, that tliere is no appreciable amount of such radiation emitted for 
bombarding voltages of the magnitude here considered, and that the return of 
the atoms to the normal state must therefore involve some kind of a radiation- 
less process f Eoi the oxides things ma> possibly be different Whilst thus the 
prospects do not look entuely hopeful for a fresh attempt to find characteristic 
radiations to coirelate with the maxima here found, it is possible that previous 
shortcomings could be due to a failure to hit some essential condition, such as, 
perhaps, heating the target, in the experiments hitherto performed It 
appears to me a matter of some importance to re-investigate this pomt and I 
am hoping to be able to try some experiments of this kind presently 

Summary 

An apparatus is described by means of which the velocity distribution of an 
initially homogeneous beam of electrons can be obtained after scattering from 
the surface of targets of different substances, kept at incandescence 

*‘Z PhjKik,’vo1 58 p 145 (1920) 
t Loc nt 
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The distnbution with respect to energy among the scattered electrons has 
a sharp peak, corresponding to truly reflected electrons, and sevejral small 
maxima for shghtly lower values of the energy, which form the principal object 
of the present investigation These maxima are characteristic of the sub- 
stance forming the target, and their position with respect to the reflected peak 
remains constant for the wide range of bombardmg voltages tested Using 
a modified form of the same apparatus iii which the target and electron gun 
can be rotated, it has been proved that these maxima are also independent of 
the angle of scattering 

Tables are given containing the positions of such maxima measured for 
diffeitiit targets 

In discussing these results it is pointed out that the maxima show the 
characteristics w hich thej should jxissess, if thej result from inelastic colbsions 
with the target atoms in\olviug dchnite inergy changes, such as excitation 
and loni/ation of the lattei ones No dehmte conclusion concerning their 
classification lias, howcvci, so far been arrived at, from a comparison of the 
values obtained with existing spectroscopic data for the gaseous state In 
this comiexion the demand for investigations on the radiation from heated 
solids, bombarded bj electrons, is emphasized 
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The Effect of a Nucleus Spin on the Optical Spectra —II 
By J Hargreaves, B A , Clare College, Cambridge 
(Commumcated by R H Fowler, F R S — Received December 21, 1929 ) 
Iniroductum 

In a recent paper* the author has considered the effect of a nuclear spin 
of half a quantum on the optical spectra of an atom with a central field The 
investigation had special reference to csesium, the hyperfine structure of which 
has been cvanained by Jackson.f but the results obtained were not m very 
good agreement with the experimental observations In the former paper it 
was stated that the method could be extended to the case of an atom with a 
nuclear spin of quanta (where is an integer), but that the mvestigation 
of such a case would be difficult wlu n owing to the large number of 

wave-functions required by the method used to describe any state of the atom 
It has been found, however, that the work is not so arduous as was anticipated, 
and in the present paper a general method of solving the problem is developed, 
and applied to the cases =1, IJ, The fiist two eases are, as yet, of 
little practical interest, but are sufficiently simple to maki a general solution 
possible On the other hand, the case of =4^ has practical apphcation to 
bismuth, the hyperfine structure of whi< h has been investigated in two papers 
by Back and Goudsmidt J In the second of these, which deals with the 
Zeeman effect, it is show n conclusivi ly that the hyperfine structure is due to a 
spin of 4| quanta It has been found too difficult in the present work to 
obtain a general solution of the multiplet levels of bismuth, but it has been 
possible to calculate the mtensities of tlu components of the lines 
and pt the formei of whuh has been examined by Bai k and Goudsmidt, 
and the results obtained are m fair agreement with theirs There is, of course, 
the usual lacuna regarding the 8 levels, and we have to make special assump- 
tions to obtam these In addition the P ->■ S transitions for — 1 and = H 

are calculated In all cases we treat the problem as that of one electron in a 

central field 

Smee the present work was completed a paper has appeared bv Hill § in 

♦ ‘ Roy Soc PriH ,’ A, vol 124, p 668 (1928) Referred to later an 1 

t Roy Soc Proc , A, vol 121, p 432 (1928) 

t‘Z Physik.’ vol 43, p 321 (1927), and vol 47. p 174 (1928) 

§ ‘ Proo Nat Acad Sci October, 1929 
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which he gives a general formula for the nuclear spin multiplet intensities 
H( obtains a result which agrees with our former result for t, = J, and his 
foimula gives the same intensities as the calculations described here for bismuth 
His treatment of the problem is purely kmematical, without reference to 
multiple wave-functions or energy levels He pomts out that the assumption 
■we made m 1 that the interaction energy of the nuclear and electron magnets 
IS neghgible is none too justifiable As far as the present writer can see his 
objection is valid The problem is, however, so far as the mtensities are 
concerned, a kmematical one, and independent of the Hamiltonian The 
method we use provides a convement way of findmg the multiple wave 
functions The problem is actually the one of findmg a set of 41* + 2 un- 
perturbed wave-functions which give the same total intensities as the un 
resolved wave-functions The present treatment gives m addition the increment 
energies duo to the interaction of the nucleai spin and orbital momentum 
We can find the increments due to the interaction of the two spins, by averaging 
the corresponding part of the Hamiltonian over the unperturbed system of 
w ave functions This is really a separate problem, and involve s some lengthy 
calculations, and will therefore bo dealt with elsewhere 

It 18 thought that the present treatment of the problem will not be without 
mterest, m so far as it enables one to deal with the dynamical as distinct from 
the kmematical properties of the problem, and m particular enables one to 
calculate the energy levels 

As 111 1 a tjiiaiitum number / is assigned to each level This is representative 
of the total angular momentum of the atom (mcludmg nuclear spin), and this 
mechanical interpretation is easily verified for any particular case by the method 
described m I It is also easily verified that / cannot change by more than 
imity, as is evident from other considerations 

^ 1 Calculation oj the Spin Matrices — We use the same notation as in I, 
(jj. (7^, a being the spm variables of the senes electron and p*, p„, p, those of 
th« nucleus The Hamiltoman is the same as that m I (equation (13) ) 
Our first problem is to calculate matrices which we may take to represent the 
<T s and p’s at any instant of time, that is matrices which satisfy the necessary 
“ vertauschimgs ” and commutative relations, and have the correct character 
istic values We must also impose the condition that they should be Hermitian 
The matrices for a,, a^, cr, will be similar to those used m T, except that we 
shall have to extend them to contain the same number of rows and columns 
as the p’s The angular momentimi of the nucleus about any axis will have 
quantised values differing by h, and having ± maximum and mimmum 
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respectively, and therefore each of the p’s will have as characteristic values 
the numbers* 


±2i„ ±(2i„-2), ±(2i.~4), , ±lorO 

^Ve shall consider first the case — 1 and from this and the results for i„ = ^ 
we shall be able to construct the matrices for any value of by induction 
In order to do this we consider the single quantum of spin denoted by = 1 
to 1)( made up of two eijual spins of half a quantum each and represented bv 
\aruibl(s p^', p^', p' and p^^", p/', p," Wc have in addition rs^, n, 
for tin ihctron spin The three spins interact to give us 8 (= 2®) different 
wave-functions <|> (?, y, c, n p p/') denoted bv ip, (i — 1, 2 , 8), where 

-Vi - t|; (r y r 1 1 1) ({i (j- y, z - 1, 1 1) 

(a, y, z, 1. - 1 1) 1I.4 = y z, - 1 - 1, 1) 

■J/, = ij/(x y z I, 1, - 1 ), ij/e -= y, z, - 1 , 1, - 1 ) 

== y z, 1, -1. - 1), y,s, - 1, - 1, - 1) 

Foi the case of electron spm alone the matnees foi u, a may be taken to 
be 



from which wt obtain the result of the operation of any of the o’s on t{; We 
can apply this to the present case, associating foi this purpose with ijij, ij; , 
with (ji^, etc (it, we' associate wave functions in pairs for which Oj = ± J 
and in which p/ has the same value and also p.") In the same way wc can 
use the above matrices to calculate the operation of any of the p'’s or p"’s 
on iji For the purpose of operating with a p' we associate ijii with tjig, iji, with 
iji 4 , etc , and for a p", with ijij, iji 2 with etc We thus find the result of 
any operation of the form 

(tTi|i)„ (p'iji)p, (p"<ji), > == 1, 2, 8 

Actually m our problem we are concerned only with operators of the forms a, 
p' -+ p", and in this case it is easily seen that all the i|/’s are not independent 
In fact we can combine either of the two characteristic values of cr, ( i 1 ) with 
any of the three characteristic values of p,' -f- p," (i c , i 2, 0) giving six 
wave-functions It is clear from (1) that when p,' + p," is taken for <in 
independent variable 111 ij; in place of the two variables p,' p ", then 413 = 4'^ 
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and (|i 4 = tj'*! vmfied by the calculations just descnbed Now the 

functions (r = 1, 2, 8) must satisfy the normahsmg relation 

t e , 

f{|^ll* + |-j^2l*+2|ll-3l* + 214-41* + l<p7l* + 14'8l“}dT=l 
If, therefore, we rename the wave functions thus 

4^1 — Ml, 4^2 = Mj, 2*4-J “ Mj, 2*4-4 = «4, 4^7 — “S, 4^8 = M*, 

the functions u satisfy the usual normahsmg relation 

j Lj«,|*dT=l 

If now we find as a result of the above calculations that 

l(p' f p") 4']| = a, 1 4-1 -t- «, 2 4'2 + 2 4-3 + «. 4 4-4 4- «» 7 4-7 + <7f 8 4-8. 

-, = 1,2, i, 4, 7, 8. 

we are able to write down tlit matnx representation of p' f- p" regarded as 
an operator on the 4- % the sth row being formed by the coefficients in the above 
expression We require, however, to know its representation regarded as an 
operator in the ii s, and therefore have to transform the above equation to 
one contammg it s It is found that this is merely equivalent to the process 
of making the corresponding matrices Henuitian It is easier to generalise 
our matrices from the non-flerraitiau type so we shall write those down first 
They are found to be 

<7, = r 0 1 0 0 0 (H fT„ = r 0 — i 0 0 0 o' 

1 0 0 0 0 0 i 0 0 0 0 0 

j 0 0 0 1 0 0 I J 0 0 0 —1 0 0 I 

* 0 0 1 0 0 0 I ' 0 0 t 0 0 0 I 

0 0 0 0 0 1 0 0 0 0 0 —I 

,0 0 0 0 1 oj to 0 0 0 t 0. 

CT, = C 1 0 0 0 0 o' 

0 -1 0 0 0 0 

J 0 0 1 0 0 0 1 

jo 0 0 -1 0 0 [ ’ 

0 0 0 0 1 0 

,0 0 0 0 0 -1. 
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p, ^fo 0 2 0 0 ()■] p, -==ro 0 — 2i 0 0 O' 

00 0 200 0 00 —2i 0 0 

Jioooioi tOO O—iol 

1 0 1 0 0 0 1 r 1 0 I 0 0 0 — I [ 

0 0 2 0 0 0 0 0 “h 0 0 0 

.0 0 0 2 0 oj [o 0 0 2t 0 0, 

2 0 0 O 0 o' 

0 2 0 0 0 0 

0 0 0 (» 0 0 1 

0 0 0 0 0 0 I 

O 0 O O 2 0 

0 0 0 0 0 2, 

The p’s are made Hermitian by the trivial canonical transformation which 
< onsists of multiplying the third and fourth rows and dividing the third and 
fourth columns by 2* Such a transformation leaves iliagonal matrices un- 
changed The result is that all the coefhcients in p* and p^ are 2* This is 
the result wc obtain by the eiiuivalent process of formation 

Now by comparing the above matrices with those representative of the case 
*n — i given m I) we arc able easily to deduce those for the general value 
of (we shall then have to make them Hermitian) The w’s are sufficiently 
obvious In p_|, theic are two diagonal sets of terms commencing with the 
third place in the lust row aii<l the third place in the first column In the 
farst diagonal the elements aio 2i„, 2i,, 2i„ -- 1, 2i„ - 1 , 1, 1, and in 

the second diagonal the elements are the same but in the reverse order In 
p, these two sets of terms are multiplied by — t and \-i respectively p^ 
consists of the leading diagonal filled with the terms 2?n, 2t„ (2i„ — 2), (2i„ — 2), 
— (2t, — 2), — 2i„, — These arc made Hermitian by multiplying 
the rows m succession by 

], 1, (2i,-l)*, (2i»-l)S [(2i„-l)2]‘. 1(21,, -I) 21‘ 

and dividing the columns by the same quantities Thi“ resulting matrices for 
p„ p, have then the same formation as before with coefficients 

(2t,)*, (2i„)*, [(2t„ - 1) 2]‘, L(2 i. - 1 ) 2J‘ , [2 (2i, - 1)1*, (2tJ‘, (2iJ* 

p, 18, of course, unchanged 

In the general problem then there are 4i« + 2 wave functions, and therefore 
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(with certain exceptions, which we shall find) each level spUts up into -f 2 
separate levels as indicated in I 

If f {(7*, , p,) is any rational algebraic function of the operators ff*, , 

and it 18 found (from the matrices for the or’s and p’s) that 

/(®«, ,PJ = K.] 

then 

+ + Or A- (2) 

when 

9 = 4i„ + 2 

§ 2 The Wave hqmlwnn — ^The general wave equations may be written in 
the form (see I), 



M IS the orbital angular momentum vector (M,, M^, M.) where 

M* = yp, — zpy= — th (v ^ ~ ~ 

We consider the (2s — l)th and (2s)th components of this equation 
The first term on the right hand side of (2) gives terms m the component 
equations which are exactly the same as the corresponding terms in the equations 
for 4^., i|'? ii> I with 2s — 1 and 2s written for a, p respectively 

We obtain the second set of terras from the results of § 1 The (2s — l)tli 
component is obtained from the (2s — l)th rows of p*, p^ p, and the (2s)th 
component from the (2s)th rows It is seen from § 1 that the (2s — l)th rows 
are made up as follows — 

(i) p„ has a term ((? ~ 1) (2i„ — *» + 2)}* m the (28 — 3)th column (when 
2s — 3 > 1) and {(2t„ — 8 + 1) «}* in the (28 + l)th column 

(ii) p^ has terms i {(s — 1) ( 22 , — s + 2)}* and — t{(2t, — s + 1) s}* in the 
(2s — 3)th and (2s + 1 )th columns 

(ui) p, has a term (2i„ — 2» + 2) in the (2s — l)th column 

The (2s)th rows are made up as follows — 

(i) ' has terms {(8 — 1) ( 21 , — « + 2)}* and {(2i, — « 1) s}* in the 

(2s — 2)th and (2s + 2)th columns respectively 

(ii) ' Py has terms i {(s — 1) ( 22 , — s + 2)}* and — » {(2», — « + 1) s}* m the 
(2s — 2)th and (2s + 2)th columns respectively 
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(ill)' p has a term — 2s 2) m the (28)th column 
Applying these results to (3), using (2), wc can write down the (2s — l)th 
and (2s)th components of the wave equation Thus, for example, usmg (i) 
(Px+)i.-i == {(s - 1) (2 ih - s + 2)}* + {(2i, - « + 1) s}‘ 

The (2s — l)th and (2!i)th equations (s = 1, 2, , 2i„ + 1) are 

AW.J.^.1 = - 1^' [(ic. - nc,) d- 

- S h 1) (X. - IXy) 'J^i.+l 

+ ~ 1) ^ 4 2)}* (k^ 4- 

4- (2^, - 2s 4- 2) (11) 

-iWK - - ♦»-. - 

* I) 

4- {(s - 1) (2i, - s 4- 2)}* (K, + »/r,)l4-a._, 

4 (2i„ - 2s 4- 2) (4 2) 

As in I we now tiy for solutions of the form 

4;, 2 ai*'„ P„ i exp {- t (Wo f 4- AW, (A, ») ) tjh} (5) 

We substitute in (4 1) and (1 2), multiply each equation by P„ * and integrate 
over all space, obtainmg 

AWg,.! 4-‘7 = fii [wai'^.r ■' — (A: 4- « 4- 1) , i1 

4- ^ J(2i. - 2s 4- 2) 

- {(2t, - s 4- l)s)‘ (A: 4- « 4- 1) 

- {(s - 1) (2t„ - s + 2)}k (* - li 4- 1 ) (6 1) 

a^-‘) = Pj [— — (i — u + 1) 

4- pJ(2to-2s4-2)«ai^,| 

- {(2io _ a + 1) ,}* (i + „ 4- 1) 

- {(8 - 1) (2t, _ 8 + 2)}t(A: - « 4- 1) (6 2) 

We now write m 4- « — 1 and « 4* » m place of u m these equations and suppose 
that 


AW24_i (A-, m 4- » — 1) == AWj, (A^ « 4- «) - A 
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(say) In this way we obtain equations m which a’s with the same upper 
sufi&xes have the same lower sufiBxes, and we get solutions of the wave equations 
which consist of one finite term, the others bemg small We shall abbreviate 
by writing a^, Uj, O 3 , etc , for etc , since there is no longer 

any ambigmty about the lower suffixes The equations (6 1 ) and (6 2) become 

Aag,_j PiTlu I ' — 1) «2»-i — (^ + w +- ■■) «i»] 

+ fi, L(a*, - f- 2 ) (» + 6 - 1 ) 0 ,._i - {( 2 l„ - s 1 ) s}‘ (^ + M 4- 8 ) 02,+! 

- {{s - 1) (2», - . + 2)}‘ (^ - n - s + 2) (7 1) 

Aa^.- pj-(u 4 s)a 2 .-(i-M-s 4 

f 1^2 [(2i, - 2s ^ 2) (« + 8)a^- {(2i, - s + 1) s}‘ (A: I u + » 4 1) « 2.+2 

- {(s - 1 ) (2i, - « 4- 2)}* (A - M - s 1 1) (7 2) 

There aie 2 j„ + 1 pairs of equations of this t)rpe, homogeneous in the 4i„ + 2 
constants a, so that we can eliminate the constants, and obtain in equation 
in A of the (4i„ + 2 )th degree 

When (^2 = 0 any pair of equations gives the Darwin solution for electron 
spin, VIZ , 

A = jil^, (— A -h M + s — l)a' 2 «-i — (A. 4 ^ 11 4 - (8 1) 

A_- -fl,(A4 1), «' 2 <_i = «'^ (8 2) 

For 1) but [Jj - we try first 

A = PjA I- ^ Of -- 0/ 4“ £» 

whi rc 8 , c, are small compared with fijA and a/ respectively Substituting 
in (7 1) and (7 2) and subtracting we obtain an equation independent of the 
e’s VIZ , 

{S - (2i„ - 2s 4 2) ( 1 / 4 . _ 1 ) p,} - (8 - (2*„ - 2s 4 2) (u 4 ») ^ 2 ) 02 , 

+ {(24 “■‘'4 1) {(^ b w “h J*) a2.+i — (A 4 w + + 1) «iu+2} P 2 


4 {(.-]) (2<„ - s 4 2)}‘{{^ - « - s 4 2)a2 ._, - (A-m - » 4 1)«2.+Ejp2 - 





(y) 

Writing 





^2n-l 

Oif _ nz«-i — 02 . . A 



A 4 « 4- ^ 

(A — u — s 4 1 ) 2A 4 1 * 


and 






S(2A4 1)/P,i = C 

(11) 

equation 

(9) becomes 



2{(^- 

l){2i„-s- 

i 2)>i(A~i/-s42)A._i 



+ {K- (2t„ - 2s 4 2) (2« 4 26 - 1)} A. 
l-2{(2i,-v 1- i)«}i(A4M4s4- J)A,+i = 0, 


(12) 
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where 9 — 1, 2, 2t„ + 1 By ehmmstmg the A’s we obtain a (2i„ + 1)- 

rowed determinantal equation m and the a’s obtained are sufficient to 
describe the state of the atom 
In a similar way, by writing 

A - Pi (X + 1) + 8' a, - a; + e/, 
we obtain the hwels into which the nuclear spin doublet level j ^ ^ is 

spht up by the nuclear spin Using (8 2) we obtain equations corresponding 
to (12) (11), (10) VI/, 

2 {(s - 1) (2i„ - s + 2)}l B._i + { ;' - (2i„ 2s 4 2) (2a 4 - - D} B 

+ 2{(27„-s + 1)?}‘(/ +" + ^)B.+, --0, (13) 

when 

«2,_1 . <12, - B, (14) 

8'(2X |-l)/p,(i4-l)-i;' (ir.) 

It 18 seen at once that equation (13) is the same as (12) with (k — 1) written in 
place of k, and so the splitting of the lower one of the two electron spin doublet 
If vela is deducible from the splitting of the level immediately lielow it 
§ 3 Calculalian of the Wave Functions — The algebraic solution of equations 
(12) and (13) for any numerical value of would be very irksome when 
IS at all large For ?„ = 1, IJ we get three and four rowed determinants 
respectively and the work is comparatively simple The levels for the general 
value of k in these two cases have been found, and are given later The case 
of *„ = 4^ has only been dealt with for the value i = 1, le , the P levels 
The work here is fairly eas^ owing to the fact that there are only six P levels 
(In I it was shown that each electron spin fine structure level sphts up into 
+ I or 2y + 1 levels, whichever is the less ) The occurrence of these six 
levels only is well brought out in the solution of the equations P* t u. which 
contains as a factor the associated Legendre function P*" (cos 9), is only 
different from zero when | m| -< A, and so any is only different from zero 
when |«| “<1 Now the P levels are determined by the coefficients 

®i'*i + i> “i"u+io. »od so, m any solution u can only 

have values 1, 0, — I, —2, , —11 The tnaximiim number of a’s which 

exist for any of these values of u is six, and so there exist only a small number 
of A’s or B’s for any w The determinants for and C are therefore reduced 
considerably Equation (12) for — 4i and A = 1 is 
2 { (A - 1) (11 - «)}♦ (3 - M - s) A,_i + { i: - (11 - 2s) (2w 4- 3s - 1)} A. 

4- 2{(10-s)s}*(m + s4-2)A,+i = 0 (s=-l,2, ,10) (16) 
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When M = 1 it IS seen that the coefficient of in the second equation is 
zero, and on this account wc can obtain a solution of the equations m which 
only Aj 18 different from zero, and referring to (10) this makes only different 
from zero, as required by the above considerations The corresponding root 
in 18 given by the equation for s = 1, xnz , 

(i:-9 ‘1)A, = 0 or J: = 27 

In the case of m = 0 we see that the equation for s -- 3 has a zero coefficient 
for A^ and so we can get a solution in which only Aj and Aj differ from zero, 
and therefore (using (10) ) in which onl) a^, diffei from zero In the 
general case u — — t, since the {t -f- 3)th equation has a zero coefficient for 
A(^.2. while the {t — 2)th equation has a zero coefficient for A,_j, v\( cun get 
a solution in which all the As are zero except A(_,, A<, A(+, , A(+2 , again, 
using (10) it 18 seen that onlj a^_i, , a^t+a are different from ziro 

We get a corresponding four-rowed determinantal equation for JJ, viz 

-1-3(13 -20, 2(11 I) , 0 , 0 --(» 

6(i ~ 1) , ; h (11 2f) 1(10 - 0 , 0 

0 , 4r , ^ - (9 - 20, 

0 , 0 , 2(M- I) , - 5(7- 20 

which givts the roots — 27, 1, —17, —13 
For w — — f — 1, 0, — 1, - 9, — 10, — 11 only certain of these loots aie 
relevant These cases may be dealt with separately, as we ha\e done with 
K = 1, 0, or they may be derived quite straightforwardlv with the help of 
(10) It IS found that for the four roots the respective permissible ranges of 
u are 1 to — II, 0 to — 10, — 1 to — 9 and - 2 to — 8, respectuelj 
The four pm levels arc therefore given by 

A -- + S, S - - 17p*/5, - 11 (17) 

In a similar way, with the help of (13) it is found that the two levels are 
given by = 9, — 11 or 

A = -pi(A + ]) + S', 3'=.6(J2, -22(i2/5 (18) 

As observed above we may deduce the levels from those for pg /2 
For the cases — 1, IJ, there are m general three and four hyperfane 
structure levels respectively These are reduced in the levels to two 
This 18 clearly given by the non apphcability of certain of the algebraic solutions 
obtained for A = I 
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§4 Emjnncal — The equations (4 1) and (4 2) need some 

additional terms before they will give the ?^-levels correctly It is clear that 
the adjustment will not come from the addition of the spin inti'raction energy 
This only results in a shift of the levels The additional terms will be those 
whicli would ensue from an exact lelativistic treatment of the problem, and 
will be similar to those given in I for »„ — ^ It is not difficult to give equations 
containing these terms, provided we assume that they are of the same form as 
the additional tirms required by tin nlativistn treatment of electron spin 
We have to make solutions which precliidi tin possibility of transitions in 
wliith/ tlianges by more than 1 In this w-^ay provided wi make the extra 
ti'rms of th( same special form as in 1, containing two consecutive wave- 
functions wc an able to obtain i unique adjiistmi nt 1 he corrected equations 
thus obtained an 

AS +» - '«.) ^ - " X 'is-*] 

+ {(S - 1 ) (2i„ - S f 2)}! (K, + IK,) + (2i,. 2. M) K '>2.-1 

— (2i„ 2s ) -)i> ^ > 2.-1 — 2 {(s — 1) (2i„ — s + 2)}^ u ^ > 3 ,_ 2 1 

(41)' 

AW -- -t- IXv) >2.-1 — '<■.>2. - >2. j 

f {(s- 1) (2t„ - s -f- 2)}‘ (,., f ,K,) > 3 ,. , 1- (2i„ -- 2s -h 2) > 2 . 
f (2i„ - 2s -1 2) iri >2. - 2 (s (22„ - a ]- 1)}! u (4 2)' 

The procedure is tlicn the same as in I and the roots for i — 0 are found to 
be 

A = Pi 0 + 0, P, 0 - ^ On + 1) 1^2 0 




where 
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where /„ » (r) is the part of the wave function depending on r For the first 
root n may have values from zero to — + 1) and for the other — 1 to 

— The additions leave the solutions for 4 > 0 unchanged 
§ 6 The solutions obtained must be normalised in the usual way, the exten- 
sion of (33), I, for this purpose being 

(A + M) ' - m) ' + (ajjfU,® + (A -f w + 1 ) ' (A - w- 1) ' 

^ 4 «iVH:l+iMA + M + i«,4-l)'(A-«-2i,-l)' = l (19) 

We also obtain relations similar to (44) 1, for the mtensities of transitions 
from a state determined by A, »< with coefficients a, to one with coefficients o' 


-f (0,0/ 1 o,a/)(A + « + l)'(A-»-l)' 

-H + 04i„ 1-2 ®'4.«+2 (A 4- f ‘■4'n -|- 1) ' (A — !< — 2?„ — 1) ']® 



(20 1) 

1 . I 

-*■ ) — 4 < similar expression 

(20 2) 

A A- 1\ , 

-► ^ J j ~ similar expression 

(20 3) 


The expressions on the right differ only by their k, u suffixes which art deter- 
mined by the left-hand sides, and arc unambiguous The total intensity of 
any line of the hyperfino structure is found by summing these intensities over 
all possible values of u for the A, j, and / of the hne 
The quantum number/ has bf on assigned arbitrarily, but it clearly reprt s( nts 
the total angular momentum of the system 'fhis can easily be verified in 
any particular case 

§ 6 Results — (i) In — I The doublet level j = k -\- \ sphts up into three 
levels given bv 

A = (3iA -f S, 

i5 = 2Afba, -4AP2/(2A + 1) - 2A (2A + 3)(V(2A -| 1) 

for which f = k I, k h — J respectively, while the level j == A — ^ 
sphts up into three levels, 

A = - Pi (A -t- 1) + 8', 

S' = 2 (A+1) (2A-1) pj/(2A-f 1). -4 (A-f 1) p*/(2A+l), -2(A+1)P» 

/■ = A -f- i, k — k — respectively 
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Foi ^ — 4, A -= - pi (k + 1) I- S', 

S' - } (24 - 1) (4 + 1) p,/(24, -f 1), (24 - 7) (4 + 1) ^2/(24 f 1) 
-(24 4 7)(^f ])P2/(2^ + 1) - 3(4 1 

/— 4 — 2, 4—1, 4, 44-1. respectively 

(ill) 1,, - 

For 4 I j-;, A-pihS S^Op,, [i^, - npa/l - lip,, 

f - fi 5 1, “I Kspettively, 

4 -- 1, ; ^ 4, A - - 2p, 4 S' S' - ()p2 - 22p,/3 

/ — I, 4, Kspdtivily 

It IS seen that the ratios of tlu <nci{?y differeiwes of the four p^/? levels are 
() 5 4 Which agree with the observations of "Back and Goudsmidt It would 
seem, therefore, that the spin interaction energy is m this case neghgible in 
comparison with the interaction energy of the nuclear spin and the orbital 
momentum It is hoped to investigate this point further howivei 
'Fhe intensity ratios of the lines of the multiplets 1* -sS foi <„ - 1 an given 
in fig 1 anil for - 1^, 4| in (ig 2 It is seen that the sum intensities of 
p3/2 ' si ;2 and sj ;2 boai tin ratio 2 1 , forming a useful cluck on the 

work 
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The Effect of Waier Vapour on Diffusion Coefficients and 
Molnhtie>> of Ions in Air 

By Prof J .T NojAvandT E Nevin, LTmvorsity ('olIt{'« , Dublin 
(Communicated by A W Conway, F B S — Received J inunrv 16 1930) 


Inhoihwhvn 

Determinations of the coelhciint of diflusiou of positive and negative ions 
were first made by Townsend Measurements have since been carried out 
by Franek and Westphal and Salks using Townsend’s nic Ihod The results 
for air are given in Table 1 

Table 1 


Gas 


Dry mr 

Moist air 


D+ 


D 1 lomniiig agent , Olneiicr* 


0 028 
0 02<1 
0 032 
0 032 
0 032 
0 030 


I Raihoacloe Bubstaiiec. 
\ rays 

I Hodioaetive aiibstami 


, lownstnd 
b I iviK k and Westphal 
loanscnd 
Salles 


3 ovMisi (id 


* fownetiid, ‘ Phil Trans A, sol 1113, p 129(1890) and vol 1'15 p 230(1900) hranckand 
Westphal Verb D Pliys Ges sol II pp 140 276(1909) Salles, Ami Physique,’ sol 2 
p 271 (1*114) 


In spite of the elaborate apparatus used by tin later obseivcis then results 
are little if at all more aeeiiiate than those of Townsend 

The mobility, K, and the eoefficient of diffusion, D, are connected by the 
lelation K/D — Ne/P, whore N is the nuinlK r of molecules per cm •* at pressun 
P and the tompeiatim of the gas, and e is the charge on the ion It has bee n 
shown by Millikan and his i ollaboratorsf that the charge is one electron, 
so that the above results may be used to calculate the mobility The value 
obtained for negative ions in dry air is 1 77 cm per second per volt jicr 
centimetre, which, though m approximate agreement with that obtained by 
ZelenyJ and others, differs consideiably from the latest result, 2 lb of 
Tyndall and Grmdley§ 

The present work was undertaken to examine the effect of water vapour 

t’Phil Mag,’ vol 21, p 763(1011) and Phja Rev col 13 p 137 (1920) 

X ‘ Phil Trans ,’ vol 193, p 193 (1900) 

§ ‘ Roy Soo Proc ,’ A, vol 110, p 342 (1926) 
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on the diffusion coefficient, on parallel hues to Tyndall and Grindley’s work on 
the mobility, and to test the relation between the mobihty and the diffusion 
coefi&cient above mentioned It was hoped also with the unproved methods 
of measurement now available to increase the accuracy of the observations 

Delath of Apparatif> 

In his first paper (/or nl ) Townsend gave the theory of the diffusion of ions 
from a stream of gas to the wall of a cylindrical tube through which it is passing 
Those of one sign which emerge are driven by a suitably directed field to a 
collectmg electrode If the ratio of the cunents to the electrodes after the 
gas has passed through tubes of lengths and respectively is cjc^ then 

li = 0 1^52 e\p ( - 7 11 J7tDzi/2Q) + 0 0241 exp ( - 44 %7tDz,/2Q) 
ca 0 1952 evp (- 7 + 0 0243 exp (- 44 ’ 

where D is the diffusion coefficient of ions of the sign collected and Q is the 
%olume of gas passing thiough the tubes la unit time From the graph 

0 1952 exp (- r) + 0 0241 exp (— 44 ~)().r/7 313) 

^ 0 1952 exp i-J-zJZi) + 0 0243 exp (- 44 56rr^/7 113*,) 

where ^ and x — 7 lldirDzi/iQ, the value of jb corresponding to the 

experimentally determmed value of y can be obtained and D calculated 
To get sufficiently large electrometer readings, Townsend found it necessary 
to use two sets of 2 1 tubeji, 4 cm and 0 5 c ra long respectively The tubes in 
each set were arranged on the circumference of a circle 2 cm in diameter so 
that the ionised gas on entering the tubes divided into 24 equal streams 
The bore of the tubes was 1 mm In the present work it has been found possible 
to reduce the number of tubes m each set to one, while a simple method of 
prodiicmg a circulation of air in a closed system has made it a i oniparatively 
simple process to bring the gas to any desired humidity 

The method of producing the circulation is shown m fag 1 The bottle of 
mercury P is connected to a 600 cm ® graduated cylinder Q by a length of 
pressure tubmg The cylmder is closed by a rubber stopper through which 
pass two tubes S and T and a short piece of thick walled capillary tubing to 
which the pressure tubing is attached This capillary in conjunction with a 
screw chp on the tubing controls the rate at which the mercury flows from P 
to Q , a second clip can be used to cut off the flow completely At the end of a 
reading the mercury is returned to P by placmg it below the level of Q and 
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inverting the latter The tube S extends above the level of the mercury in 
the inverted cyhndei in order to prevent it entering the apparatus 



>jo 1 


The diffusion apparatus is shown in fig 2 It consists of three brass tubes, 
A and B, each 15 cm long, and C, CO cm long, 1 6 cm diameter, which slide 
for a distance 5 cm mto the brass junction T The diffusion tubes are of 
steel with a bore of I mm , circular to 0 5 per cent The longer tube, 4 cm 
long, 18 mounted m an axial hole in a brass cylinder Kj, 4 cm long and the 
shorter, I cm long, in a cylmder K,, 1 cm long The cyhnders screw into 
brass rmgs 1 cm long soldered m position in A with their centres 2 5 cm and 
1 cm from the ends respectively The jomts between the cyhnders and the 
nngs are made gas-tight by vacuum grease smeared on the threads of the 
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screw The electrode hes m the axis of the tube symmetrically between the 
diffusion tubes It is supported by a rod Mj insulated by a grooved ebonite 



plug Qi provided with the usual guard ring arrangement The plug is pro- 
tected from light and dust and screened from electrostatic disturbances by a 
short tube sliding into an extension on the guard ring Gj The tube B 
nnntam" two diffusion tubes mounted m a similar manner to those m A A 
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and B are mounted in T so that the ionised gas can bo made to pass through 
the longer diffusion tube in A or tho shorter in B by turmng the three-way 
tap U, hg 1 

The tube 0 is packed with cotton wool to remove nuclei and large ions pro 
<luced b> the splashing of the mercmy when it enters the graduated cylinder 
The source of ionisation S is a deposit of polonium on bismuth moimted on a 
brass plug P wliicli slides into the fourth limb of T It is covered by a braas 
disc R through a hole m which an approximately paiallel beam of a rays 
emerges This ensuus that all the ions reaching the diffusion tubes have 
approximately the same age In onkr to prevent contamination of the 
apparatus by volatilisation of the polonium tlu source is covered with a him 
obtained by < vaporatuig a 1 pei cent solution of collodion 

The apparatus is raised to a potential of d: 80 volts and the currents are 
measured by a Lindemarm electrometer used at sensitivities of 75-120 divisions 
per \olt 

Humidity Conti ol ami Meaauunicnt 

In the bi ginning sulphuric acid solutions of known stiingths wtie employed 
to obtain an of dehmte humidity, the strength of the acid being obtamed 
fiom tlu densitv and the vapour pressuic from tables * A thermal hygrometer 
of tlu pattern devised by Tyndall and Chattock was used as an independent 
method of measuring the vapour pressuie The sulphuric icid solution was 
run from one aspiratoi bottle to a second, the air in the latter being drawn 
through the apparatus into th< first The acid was then passed back into the 
first bottk Afti'r this had lieen repeated a few times it was assumed that 
the air in the apparatus was in « quihbrium with the acid The arrangement 
proved unsatisfactoiy (In altering the strength of the acid the humidity 
did ‘not change appreciably and the vapour pressure calculated from the 
strength of the solution did not agree with the value given by the hygrometer 
It was found that the vapour pressure m the apparatus was really controlled 
by the moisture m the cotton wool filter The substitution of glass wool 
effected only a slight improvement 

The method was abandoned, and, as some doubt was felt about the accuracy 
of the thermal hygrometer, a dew pomt instrument enclosed in a glass bulb 
was substituted The cotton wool filter was then found to give a very con- 
vement method of vaiymg the humidity Dunng the tune requned for a set 
of observations the vapour pressure remained constant to 0 1 mm From 
day to day, however, as the temperature of the surroundings varied, the 
* Wilson, ‘J Ind Eng Chein,’voi 13. p 326(1921) 
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vapour pressure, after passing a current of air through the apparatus to bring 
the enclosed air into equilibrium with the cotton wool, varieii within limits of 
1 mm each way about a mean Varying the vapour pressure m this manner, 
the change in the diffusion coefficient for small changes in the vapour pressure 
could be examined By passing a current of air through the apparatus and 
warmmg the filter the amount of water in the cotton wool could be decreased 
enablmg readings to be taken over a new range of vapour pressures 

Even after prolonged heatmg of the filter in a curient of dry air the pressure 
of water vapour m the apparatus was still 1 6 mm A wide glass tube about 
160 cm long was connected in a horizontal position betwei n the filti^r and the 
diffusion apparatus It contained a layer of sulphuric acid along the bottom 
\fter passing a current of air over the surfau of the acid for some hours the 
vapour pressure was still 1 2 mm As it was thought that the diffusion of 
water vapour through the rubber tubing used to connect the bottle of mercury 
1’ to the hygrometer might be responsible for the lack of drymg, a second tube 
of acid was interposed between the hygrometer and the bottle This proved 
completely successful , with a suitable solution of acid m the tubes there was 
no sign of condensation on the silver thimble at —26° which was the lowest 
t( mperature that could be reached In view of this experience the dryness of 
a gas which has been in contact with rubber tubing after drying is open to 
suspicion 

The range of vapour pressures 0 1 mm to 1 2 ram was covered b) means of 
sulphuric acid solutions, the vapour pressure bemg calculated The dew 
point hygrometer was not used below —14° C on account of the difficulty 
of judging the first sign of deposition of dew Some readings at vapour 
pressures above 1 2 mm were also obtamed with sulphuric acid solutions, thi 
observed and calculated vapour pressures generally agreeing to within 0 1 mm 

Expenmental Procedure 

On account of the limited volume of mercury m P, not more tlian 300 cm ® 
of aur could be passed through the diffusion tubes without interrupting the 
flow to return the mercury from Q to P Because of the fall m level of the 
mercury m P the rate of flow was different at the beginning and end of a 
reading A special procedure in taking observations was therefore necessary 
The three-way tap was turned so that the gas stream passed through either A 
or B, the electrometer bemg connected to the correspondmg electrode When 
the volume of mercury m Q was about 136 cm ® the electrometer was unearthed 
As the needle passed over a division of the eyepiece scale chosen so that the 
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volume was about 160 cm ® a stop-watch was started and stopped again when 
the volume was about 260 cm ® and the needle again passing over a division A 
second observer measured the exact time taken for the 100 cm ® of mercury 
to flow mto Q In this way the electrometer readmgs could be accurately 
taken and the average value of Q was always the same The electrometer 
scale was carefully cahbrated before or after each set of observations 

Corrections 

(o) Allowance for any difference in the density of lomsation at the entrances 
to the two diffusion tubes when the gas was passing through, or for any 
difference m the capacities of A and B was made as follows — The apparatus 
was set up so that the lomsed gas could pass through either of the short tubes 
Kg or Kg, hg 2, and the currents to the electrodes weie measured The ratio 
of the currents C^/Cb was found to be 0 990 Before cak ulating y the readings 
at B were multiplied by this factor 

(h) The head under which the mercury runs mto the graduated cylinder 
changes about 2 per cent from bcginmng to end of the time in which an 
electromeb r observation is being taken A correction to Townsend’s formula 
must be applied to allow for this variation If the rate of flow at the begmmng 
of an observation extending over T seconds be Q^, and at th(> end Qg, then 
Q = Q,_(Q,_Q,)</T 

The number of ions entering the tube of length being n per second and the 
number leaving in the same time being Townsend has shown that 
«! = 4n {0 1952 exp (-7 ‘1137iDzi/2Q) + 0 0243 exp (-44 5f)7i:Dzi/2Q) + } 

The number leaving in T seconds is 

= 4n 1 0 1952 exp (-7 31 37tDzi/2Q) dt 

+ 0 0243 £ exp (-44 667cD2,/2Q) 

If the change m Q is small, an approximate value of the integral suffices and we 
get 

Ni = 4nT [0 1962 exp (- 7 mnVz^IZCi) {1-7 SlSriDzi (Qj - Q^)/4Qi*} 

+ 0 0243 exp (- 44 66nJ)zJ2Q)l 

and finally 

0 1952 exp ( — a; {1 — j; (Q^ — Qa)/2Qi)} 

^ Ni + 0 0243 exp (- 44 56a;/7 313) 

^ Ni 0 1962 exp ( - xz,/zi {1 - xzjz^ (Q^ - Q,)/2Qi)} 

-+-0 0243 exp (-44 56jezJ7 SlSzi) 


von oxxvii— A 
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Putting (Qi — Qj)/2Qi equal to o we get approximately 
y{l + a® (1 - 2a/zi)} 

^ 0 1952 exp (- a; -f- 0 0243) exp (-44 56 xjl 313) 

0 1952 exp (— a»j/zi + 0 0243) exp (— 44 56a: Zj/7 313zi) 

From Townsend’s grapli an approximate value of x can be obtained and the 
factor l + ax{l—zjzj) calculated so y {l + «3-(l — 22 / 21 )} gives a more 
exact value of x which may be used to calculate D 
By finding the time taken by the mercury to rise from 126 rm ® to 176 cm 
and from 226 cm ® to 276 cm ® approximate values of and Q 2 are obtained 
The correction is about 2 per cent 

(c) The effects of recombination in the fine tubes and of self-repulsion of the 
ions due to the inequality of D+ and D_ have been discussed by Townsend * 
He has shown that they c-an be made negligible by using fine bore tubmg and a 
low density of ionisation The corrections have been neglected in the present 
work, the former bemg about 0 4 per cent and the latter about 0 06 per cent 

(d) The values have been reduced to 15° and 76 cm pressure on the assump- 
tion that the diffusion coefficient is proportional to the absolute temperature 
and inversely proportional to the pressure 

RcmUs 

The results for ions of both signs have been plotted against the vapour 
pressure in fig 3 The corresponding mobilities calculated from the formula 
K/D = 40 3 can bo read off by means of the scale attached to the right hand 
side of the figure The probable error in the individual determinations is 
1-3 per cent , the smaller accuracy being associated with the high values for 
negative and low values for positive ions The error m the vapour pressures 
above 1 2 mm lies between 1 and 2 per cent For the vapour pressures 
below this value which have been calculated from the strength of sulphuno 
acid solutions it is unknown, but in view of the precautions taken to ensure 
equihbnum between the solution and the air in the apparatus it is probably 
small The value of Q lay between 2 4 and 2 7 cm ® per second and the age 
of the ions was therefore about 0 2 second The air was ordinary room air 
which, after bubbhng through concentrated sulphuric acid, was filtered through 
glass wool before entering the apparatus The character of the results was 
not affected by changmg the cotton wool filter or replacing it by glass wool 
The 'Sanation of the diffusion coefficient is of a totally different character 


* Lot cxl (1900) 
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to what might have been expected from Tyndall and Grindley’s mobility- 
observations The fluctuations which occur are far outside the limits of 



expenmental error The mobility appears to oscillate between certain stable 
values At certain parts of the curve the change from a high to a low value or 
conversely takes place gradually, but at other parts the transition takes place 
for such a small alteration m the vapour pressure that it appears to be nearly 
discontinuous 

With regard to the question of how far the results at any particular vapour 
pressure can be repeated, it may be pointed out that on the ascending and 
descending parts of the curve the vanation is rapid, and it is difficult to repro- 
duce exactly the same conditions As far as this can be done the results are 
repeatable At the maxima and minima of the curve where the variation is 
less rapid it is easier to repeat the results Two typical examples of the agree- 
ment are given in Table II 

The air was dried by replacing the tubes of sulphuric acid by tubes contain- 
ing a layer of phosphorus pentoxide over which the air passed The results 
quoted represent six completely independent sets of observations Other 
examples of the agreement nught be quoted but the above are typical In 
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Table II 


Vspour pressore 

Date 1 

D+ 

D_ 

Dry air 

March M, 1929 

_ 

0 0436 


March 2fi, 1929 

0 0279 

0 0449 


March 27 1929 

0 0276 

0 0443 

11 1 mm 

October 19, 1928 

0 0320 

0 0364 


October 22, 1928 

0 0343 

0 0342 

•• 

October 23, 1928 

0 0340 

0 0372 


particular the very low value of 0 0185 obtained for positive ions at a vapour 
pressure of 2 76 mm could be repeated within 3 per cent after an interval 
of several months The results plotted were not obtamed by a progressive 
alteration of the vapour pressure m any one direction but were taken more or 
less at random along the curve Furthermore the result of every set of 
observations, with the exception of four obtamed when using the cotton wool 
as a humidity control, has been plotted A considerable change of humidity 
occurred while these four sets of observations were being taken and they have 
therefore been discarded Taking everything mto account there can hardly 
be any doubt that the phenomenon is genuine 

It was decided to see whether under suitable conditions the mobibty would 
vary in a manner similar to the diffusion coefficient In view of the probable 
presence of groups of ions having different mobilities it is to be noted that the 
mobihty values deduced from the diffusion coefficient are mean mobihties 
and not the mobihty of a predominant group of ions , so it is the mean 
mobility which is of importance for the present purpose The experiments 
are descnbed m the followmg section 

Measurement of Mobihty 

The slope, t/V, of the imtial straight part of the curve connecting the current 
and voltage m a uniformly lomsed gas is proportional to (K+ + K_)/a'^ 
where a is the recombination coefficient between ions of opposite sign and 
and K_ the mobihties of positive and negative ions respectively Measure- 
ments of this slope should give a rapid and simple quahtative venfication of 
the results above 

The air between two parallel plates 2 6 cm apart was ionised by a-rays from 
a p0omum source attached to one of them The apparatus was mounted 
on an iron plate through which the leads emerged and covered by a bell jar 
The an m Ihe enclosed space was brought to a definite humidity by dishes of 
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Bulphuno acid The relation between current and voltage was linear with 
voltages up to 4 between the plates The slope, t/V, and the sum of the 
mobihties of positive and negative ions obtained by adding the ordinates of 
the curve m fig 3 are exhibited as functions of the vapour pressure in hg 4, 



Fio 4 — A, Vanation of slope, »/V, of ounent- voltage curve between two parallel plates 
B, Vanation of sum of mobilities obtained by adding ordinates of fig 3 C, Vanation 
of recombination coefficient obtained by diwlmg the square of the ordinates of the 
dotted curve B by the square of the ordinates of the dotted curve A 


curves A and B respectively The agreement m the positions of the maxima 
and minima of both curves is very satisfactory It is probable that the 
quantitative agreement between the curves would have been improved if 
more points had been taken on A, but the curve is sufficient to show that the 
type of vanation previously found for the diffusion coefficient exists also for 
the mobihty In any case as the reoombmation coefficient probably depends 
on the vapour pressure, and as there are differences m the expenmental con- 
ditions m the two cases which will be pomted out later, we cannot expect 
exact quantitative agreement between the two curves The results have only 
been plotted up to a vapour pressure of 9 S mm but observations have been 
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made up to 16 mm They show that the oscillations persist up to this vapour 
pressure 

Rvtfi^ford- Franck Alternating Field Method In view of this confirmation 
of the results of the diffusion coefficient measurements it was judged advisable 
to carry out observations using the alternating field method to examine the 
discrepancy between these results and those of Tyndall and Gnndley The 
apparatus was of the type described by Nolan t The ions were caught by a 
brass plate 8 cm diameter surrounded by a guard ring 13 cm diameter A 
sheet of gauze 8 cm diameter was attached to a brass ring of the same dimen- 
sions as the guard rmg Care was taken to ensure that the gauze was flat 
and its lower surface flush with the ring The ring was kept at a distance of 
2 65 cm above the guard ring by three obomte pillars The source of lomsa- 
tion was a deposit of polomum on bismuth which rested on the upper surface 
of the gauze At a distance of 5 cm above the gauze was a parallel plate and 
between it and the gauze a potential difference of 40 volts was mamtamed 
The alternating field was obtained from the secondary of a transformer one 
terminal of which was connected to the gauze, and the other through a battery 
of 80 volts to the guard ring and to earth This battery was connected so that 
the ions not caught by the plate m the advancing phase were driven back to 
the gauze when the field was reversed The apparatus was enclosed in a 
brass box which could be made airtight and the humidity was varied by 
dishes of sulphuric acid solution placed on the bottom of the box The 
altematmg voltage was increased m steps of 20 volts for the negative and 40 
volts for the positive between each electrometer reading The observations 
were plotted and a smooth curve drawn through the pomts The mtersection 
of this curve with the voltage axis was taken as the critical voltage No 
attempt was made to examine the curve for groups of lonsj and the mobility 
deduced must be considered a mean value 

The results corrected for the effect of the bias on the critical voltage and 
reduced to 16° and 76 cm pressure are shown in fig 6 The results for negative 
ions confirm the observations of Tyndall and Gnndley on the variation of the 
negative mobihty with vapour pressure, the general agreement being very 
satisfactory The mobihty m air dried for 3 days in contact with phosphorus 
pentoxide m a sealed vessel is 2 26 cm per second per volt per centimetre, 

• Rutherford, ‘ Proo Camb Phil Soo vol 9, p 401 (1898) , Franok, ‘ Ann Physik 
vol 21, p 972 (1906) 

t Nolan, ‘ Phy» Rev ,’ vol 44, p 16 (1924) 

t SdUa, ‘ Proo R Irieh Acad ,’ voL 36, p 38 (1920), and vol 30, p 74 (1923) , Nolan 
and Harris ibid , vol 36, p 81 (1922) 
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which IS higher than the result, 2 16, they obtained in air dried to the maximum 
extent their apparatus permitted The results m moist air are slightly lower 
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than theirs, but the dilTerencc is withm the lunits of experimental error in the 
determination of the constants involved in calculating the mobihty The 
mean value of the positive mobihty above 0 8 mm is 1 which is higher 
than the result 1 22 obtained by Tyndall, Starr and Powell,* though it is m 
agreement with the value generally accepted The results confirm their 
observation that over a wide range water vapour has no eSect on the positive 
mobihty Below a vapour pressure of 0 8 mm the positive mobility rises 
rapidly its value in dry air being 1 66 This high value cannot be due to the 
fact that the imtial ions have only partly been transformed mto final ions since 
the rate of transformation is more rapid in dry than in moist air and the ions 
m moist air are apparently fully aged Values of this order have repeatedly 
been obtamed m this laboratory m dry air by the alternating field method 
The age of the ions m these experiments lay between 0 1 and 0 2 second 
That the measurements of the diffusion coefficient are correct seems hardly 
open to question smee results of the same character have been obtained by a 
widely different method The difference between these results and those 
obtamed by Tyndall and Gnndley’s and the altematmg field method cannot 
be attributed to agemg effects of the type hitherto known, as the ages are of the 
same order, 0 2 second, m all cases The only pomt of similanty in the 
* • Roy Soo Proc A, vol 121, p 172 (1928) 
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current-voltage and difiusion expennients ib that the field in which the 
naeasurements are made is very small m both oases It is zero m the 
diffusion apparatus as the voltage apphed serves only to collect the ions 
which have not diffused to the walls of the fine tubes, and in the mobihty 
estimations by the current-voltage method its greatest value is 1 6 
volt per centimetre In most mobihty measurements the fields used have 
been of the order 100-200 volt per centimetre or even higher It therefore 
seemed possible that the effect of water vapour on the ordinary small ion might 
be very different from its effect in fields of the order generally used Accord- 
ingly attempts were made to measure mobihties in fields of different strengths, 
using the method of surface ionisation due to Rutherford and Child 
RutheTford-Chiid Method * — If the ionisation between two parallel plates 
d cm apart is confined to the surface of one of them the current density is 
given by 


where E is the field between the plates and k the mobihty of the ions which 
are driven across the space by the field 
The apparatus is shown m fig 6 An a-iay source consisting of a deposit 
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• Rutherford, ’ Phil Mag ,’ vol 2, p 210 (1001) . Child, ‘ Phys Rev vol 12, pp M, 
ISa (1901) * 
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of polommn on a bismuth disc 6 cm diameter is mounted on a brass plate A 
at a distance of 3 5 cm from a sheet of fine gauze which is stretched across an 
opening 6 cm wide in a brass nng B The a-rays produce a layer of lomsation 
m which the intensity falls to zero at a distance of 4 mm above the gauze 
An electrode E, 2 5 cm diameter, surrounded by a guard nng C from which 
it IS separated by a gap 0 4 mm wide, is mounted parallel to B at a distance of 
4 cm The three plates are mounted on three screwed brass rods attached to 
a heavy brass base A and B are connected together and insulated from the 
supports by ebonite washers The electrode is adjusted to he m the plane of 
the guard nng It is supported by a rod passing through the base from which 
it 18 insulated by an ebomte plug The apparatus was onclostd m a copper 
box which could be made air-tight and the humidity was varied by sulphuric 
acid solutions placed in a dish on the bottom The capacity of the apparatus 
and the Lmdemann electrometer to which it was connected was 15 8 cm 
The current was measured with voltages up to 4 apphed between B and C, 
so that the highest field was 1 volt per 
centimetre The curve connecting i 
and E* was a straight line through the 
origin Some of the results for the 
mobihties of positive and negative ions 
are shown in fig 7 The three maxima 
occur at the same vapour pressures 
as the first three maxima for the 
diffusion coefficient and the results 
therefore confirm the existence of the 
periodic vanation of the mobihty with 
the vapour pressure in low fields 
The time taken by the ions to cross 
from B to C depends on the voltage, 
the mmimum age which corresponds 
to the highest field used bemg 3 seconds 
Experiments were also made with a 
distance of 3 2 cm between source and 
gauze and 2 cm between B and C As 
had decreased somewhat it was necessary to use a thick layer of ionisation 
to get the linear relation between * and E* to hold up to sufficiently bgh field 
strengths On account of the thickness of the layer it was not possible to 
obtain absolute values of the mobihty The highest voltage used was 4, the 



Fio 7 

the strength of the polomum source 



170 


J J Nolan and T E Nevin 


corresponding value of the field being 2 volts per oentuuetre On plotting 
the relation between ^ and E* the current readings for values of E* between 0 
and 2, t c , for fields between 0 and 1 4 volts jier centimetre were much larger 
than would be expected and fluctuated considerably with the vapour pressure 
The large values of the current were attributed to the diffusion of ions to the 
electrode on account of the larger density of lomsation and the reduced distance 
between the plates The points for values of E* between 2 and 4, ^ e , for fields 
between 1 4 and 2 volts per centimetre lay on a straight line which did not 
pass through the ongm This Imear relation between t and E* broke down 
when voltages higher than 4 were apphed Probably if a stronger source of 
lomsation had been available the relation would have held over a wider range 
The slope of the straight part of the curve was taken as a measure of the 
mobihty The results are shown in fig 8 The oscillations have almost 



completely disappeared, the pomts for ions of both signs lymg on smooth curves 
It appears therefore that in fields up to about 1 volt per centimetre the 
molnhty vanes penodically with the vapour pressure, but that when the field 
IB mcreased to 1 4 volts per centimetre the penodic vanation disappears and 
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m higher fields the mobihty varies m the manner observed by Tyndall and 
Grmdley 

Discminon 

The vanation of the negative mobility in air with the humidity has been 
exammed by Tyndall and Grmdley, £rikson, Grifiiths and Awbery and Zeleny * 
They are all agreed that the negative mobihty gradually decreases as the water 
vapour content is increased T)mdall, Starr and Powell (loc ctt ) found that 
water vapour had no effect on the mobihty of the positive ion, while Zeleny 
found that it produced a slight increase in mobihty The agreement between 
Tyndall, Starr and Powell’s results and those obtained by the alternating field 
method has already been discussed 

It 18 difficult to compare the diffusion measurements with those of other 
workers Townsendf and Franck and Westphal {loc nt ) believed that there 
was a real difference between the diffusion coefficients of positive ions produced 
by X-rays and those profluced by a- and p-rays They attributed the difference 
to the production of doubly charged ions by X rays On the other hand, 
Milhkan and his co-woikers, using the oil drop method, were unable to hnd 
any evidence of the production in air of positive ions with double charges by 
X-rays, while Salles, using a method of measuring devised by Langevm, 
found that the positive ions produced by y-rhys, which presumably should 
have the same effect as X-rays, were singly charged If we compare the 
results given m Table II, which have been obtained in the present work, for 
ions produced by a-rays with those given m Table I for ions produced by X-rays 
the agreement is fairly satisfactory In dry air the values obtained m the 
present work areD^. = 0 0277 and D_ = 0 0439, while Townsend’s values are 
D+ = 0 028 and D_ = 0 043 In moist air the values are D+ == 0 0348, 
D_ = 0 0373 and D+ = 0 032 and D_ = 0 035 respectively Bearing m 
mmd the vagueness of the terms “ dry ” and “ moist ” the results are sufficient 
to show that under certain conditions the diffusion coefficients of positive ions 
produced by a-rays and X-rays are identical The differences in Townsend’s 
and Franck and Westphal’s work are probably due to differences m the state 
of drying and the purity of the gas The experiments of the latter workers 
m which they beheved they produced a separation of positive ions bearing 
double charges by allowing the ionised gas to pass through sheets of wire 

• Tyndall and Gnndley, he c\t , Enkson, ‘ Phya Rev voL 30, p 791 (1928) , Gnffitbs 
and Awbery, ‘ Proo Phys Soo ,’ vol 41, p 240 (1929) , Zeleny, ‘ Phys Rev ,’ vol 34, 
p 310 (1929) 

t ‘ Roy Soc Proc ,’ A, vol 80, p 207 (1908), and vol 81, p 464 (1908) 
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gauze before the diffusion coefhcient was measured, may be explamed on the 
assumption that they were deahng with a mixture of ions of different mobihties. 
The hghter ions would naturally diffuse to the gauze m larger numbers than the 
heavier resulting m a low value for the diffusion coefficient of the ions which 
passed through 

Likewise, the rapid changes m the value of the diffusion coefficient with 
small changes m the humidity cannot be ascribed to the presence of doubly 
charged ions at certain vapour pressures as precisely similar changes in the 
mobility have been observed under certam conditions It has already been 
suggested that the ordinary small ion may possess very different properties 
m weak fields to those it possesses m the higher fields ordinarily used in 
mobihty measurements This hypothesis seems to be confirmed by the results 
obtained by the Rutherford-Child method In view of the fact that the 
measurmg fields used by other workers vary from 1400 volts per centimetre m 
Enkson’s work down to about 3 volts per centimetre in Zeleny’s, while the 
periodic variation disappears at about 1 1 volts per centimetre, it is not sur- 
prising that previous workers have not observed this effect 

Companng the results obtained at the lower values of the field at an age of 
about 2 6 second with the results obtained by the diffusion method at an age 
of 0 2 second, it is clear that m the former case the oscillations are more 
highly developed The values for the negative mobihty vary between 1 6 
and 0 8 cm per second per volt per centimetre, and for the positive between 
1 2 and 0 6 The corresponding variations m the values deduced from the 
diffusion measurements are from 2 to 1 6 cm per second per volt per centi- 
metre and from 1 4 to 0 9 Apart from the absolute values, if the results 
for the Rutherford-Child apparatus for positive and negative ions are plotted 
from the same origin the curves overlap considerably, so there can be no doubt 
that the negative mobility is lowered by mcreasing the age This raises the 
question whether the phenomenon is completely developed at the shorter 
age used in the diffusion measurements An answer to this would necessitate 
measurements of the diffusion coefficient at a greater age The apparatus m 
its present form is not suited for this work 

The humidity has been varied by changmg the moisture content of cotton 
wool and also by means of sulphunc acid solutions so that the phenomenon 
IS mdependent of the precise method of humidity control As a result of 
plottmg the diffusion coefficient against the relative humidity it has been 
established that there is no relation between these two quantities In fact 
the oscillations seem to be mdependent of the form of the apparatus and of 
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all erperunental conditioris except the held and possibly the age of the 
ions 

The mobility correspondmg to the peaks of the negative curve is of the order 
2 cm per second per volt per centimetre and if a straight line be drawn through 
the peak values its slope is roughly the same as that of Tyndall and Grmdley’s 
curve Similarly the mobility correspondmg to the peaks of the positive curve 
18 about 1 3 These facts seem to mean that we are dealing with ordinary 
positive and negative ions at the maxima of the curves The minima must 
then be due to the formation of a loose outer cluster of water-molecules round 
the ion At vapour pressures corresponding to the maxima this cluster must 
become unstable and break up The reason for the successive growth and 
shedding of this cluster is not clear, but the presence of some such process 
seems to bo the logical inference to be drawn from the preseno,e of the maxima 
and minima The electric field must either prevent the formation of the loose 
cluster or make it unstable at all vapour pressures, though here again the 
mechanism of the action is not plain 

From the relation already given for the slope of the initial part of the current- 
voltage curve between two parallel plates in an lomsed gas we find that the 
recombination coefficient is proportional to ^ -f- A:_)*/(t/V)® The variation 
of the sum of the mobilities and the slope t/V of this curve have already been 
discussed In view of the sigmficance we have attached to the peaks, dotted 
curves have been drawn through the maxima of the two curves A and B, fig 3 
These dotted curves show the variation of A-+ and i/V respectively in 
an electnc field of a strength sufficient to destroy the oscillations The ratio 
of the square of the ordinates of B to the square of the ordinates of A, which 
we have seen is proportional to the recombination coefficient, is shown m C 
In the absence of an electnc field we shall have a senes of oscillations 
superposed on this The curve shows that the recombination coefficient h&s a 
maximum value, about four times its value in dry air, at a vapour pressure 
of i mm The existence of this maximum is supported by the fact that the 
currents in the diffusion apparatus are considerably smaller between 3 and 6 mm , 
than at higher and lower vapour pressures Since recombination must play 
a large part m reduemg the density of ionisation m the space between A and B, 
fig 2, this observation supports the idea that there is a maximum value of 
the recombination coefficient about i mm pressure When a more accurate 
investigation of the recombmation coefficient is made it may be found that the 
variation shown by Curve C, fig 4, is not quantitatively accurate , but that a 
considerable variation exists there can be no doubt 
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Application to Atmospheric Electncity 

The potential gradient in the atmosphere near the ground is, in many places, 
of the order 1 volt per centimetre Considerable variations in atmospheric 
conductivity may therefore bo expected to occur in such places owing to the 
changes of ionic mobihty with small changes in humidity As the atmosphere 
18 probably not very homogeneous from the point of view of water vapour 
content, it is possible that abrupt changes of conductivity may occur in space 
as well as in time Even in places where the potential gradient exceeds the 
cntical value, the ionic content of the air, in so far as it is controlled by 
recombmation between small ions, will vary considerably with vanation m 
humidity 

Summary 

The variation of the dififusion coefficient of ions in air with the water vapour 
content has been exammed by Townsend’s method 

The diffusion coefficient of ions of both signs exhibits a periodic variation 
with the vapour pressure 

This result has been conhrmed by determinations of the variation of the 
sum of the mobilities of positive and negative ions, derived from conductivity 
observations in weak fields 

Further confirmation has lieenobtamed by determination of the positive and 
negative raobibties separately, m weak fields, by the Rutherford-Child method 
By the same method, it has been shown that an mcrease m the field-strength 
from 1 to 1 4 volts per centimetre causes the periodic variation to disappear 

The Rutherford- Franck alternatmg-ficld method gives results in agreement 
with those of other observers 

Apart from periodic variations, it has been shown that the lomc recombma- 
tiort coefficient varies considerably with humidity The maximum value is 
at about 4 mm vapour pressure 

One of us (TEN) is indebted to the Ministry of Education, Irish Free 
State, for a research grant 



Measurements on the Ranges of x-Particles 
By G I Harper and E Salaman, Newnliam College, Cambndge 
(Communicated by Sir Ermat Rutherford, P R S —Received January 21, 1930 ) 
Introduction 

Measurements of the stopping power of a gas relative to air, which will be 
defined as the ratio of the range of an a-particle m air to the range xn the gas, 
have been made by T S Taylor and van der Merwe,* the former using a 
scintillation method for a-particles from radium C' and polomum, the latter 
a Wilson chamber method for polonium only These two methods did 
not give accurate results, owmg, m both cases, to the difficulty m deter- 
numng the range to a high degree of precision Experiments have recently 
been earned out by Johot and Onodaf to obtam an accurate Bragg curve 
for the a-particles from polomum in hydrogen, and by OnodaJ in oxygen 
Estimating the extrapolated range as defined by Hendcr8on,§ they have then 
calculated the stoppmg powers of these gases using the value of the range m 
air given by 1 Cune |1 

In the experiments to be described, the extrapolated ranges have been 
measured for a-particles from radium C', thorium 0, thorium C' and polomum 
m air, oxygen, mtrogon, argon and hydrogen, only the portion of the Bragg 
curve from the maximum to the end of the range being expenmentally deter- 
mmed In o'btaimng this portion of the Bragg curve the distance of the 
source from the lomsation chamber was varied, the pressure bemg kept constant 
dunng one set of observations 

Apparatus 

The apparatus employed is shown to scale in fig 1 It consists of a brass 
oyhnder about 50 cm long, at one end of which is the ionisation chamber I, 
resemblmg that used by Qeiger^l in his determination of the range of a-particles 
from radium C' The parallel plate electrodes P^, P, and P, are placed per- 
pendicular to the path of the rays P^ is a brass disc connected to a quadrant 
• Taylor, ‘Phil Mag.’voL 26, p 402 (1913), v <1 Merwe, Phil Mag ’ vol 46, 
p 379 (1923) 

t ‘ J Physique,’ voL 9, p 176 (1928) 
t ‘ J Physique,’ voL 9, p 186 (1028) 

I ' Phil Mag ,’ vol 42, p 638 (1921) 

II ‘ Ann Physique,’ vol 8, p 299 (1928) 

^ H Geiger, ‘ Z Phywk,’ vol 8, p 45 (1921) 
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electrometer of sensitivity 800 divisioiis per volt, a wire gnd charged to a 
potential sufficient to give saturation and Pj a second wire gnd, earthed, and 



serving as a shield to prevent ions produced on the left of Pj from entenng 
the lomsation chamber Ebonite msulation is used, the wire grids bemg held 
in position by ebonite rmgs The separation of the electrodes P^ and P^ and 
also of Pg and P3 is 2 mm , and as the greatest air pressures were about 17 cm 
the ionisation was measured over a fraction of less than 0 005 of the lange 
The lomsation chamber has a diameter of 4 cm and the beam of x-rays is 
stopped down so that the entire beam enters the chamber at all distances of 
approach used in the measurements The maximum difference m length of 
the paths of the particles before entenng the ionisation chamber due to the 
spreading of the beam is leas than the experimental error The source of 
a-particles S and the sht A limiting the beam arc mounted on a carnage 
shdmg on rails The carnage is moved by a screwed rod rotated by a 
ground glass joint G at the end of the glass tube F attached to the cylmder 
as shown A brass rod p ngidly attached to the carnage extends mto F to 
indicate the position of the source The distance from the end of this pomter 
to a fixed mark / on the tube was measured by a travelling microscope. 
A thermometer T measured the temperature inside the chamber, which could 
be exhausted to a pressure of 0 001 mm The pressure of the gas was 
measured by a wide bore mercury manometer, the mercury levels being read 
by a cathetometer The pressure was measured to an accuracy of 0 01 cm 
and the temperature to 0 1° C The pressures used were so chosen that the 
end portions of the ranges could be ezammed m the ionisation chamber and 
were thus difierent for a-partioles of different ranges At the pressures used 
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the a-particlea from a soirn e of activity equivalent to 1 mgm of radium 
gave a maximum ionisation tiirrent of the order of 2()(> divisions per minute 

<ras( s 

The an used vas dried !>> passing slowly over cahium chloride and phos 
pliorus pi ntoxide llydrogi n was obtained from a cyhnder and was further 
purihed by bubbling through concentrated sulphuric acid and by passing over 
(harcoal cooled in liijuid an Oxvgen was obtained by heating potassium 
permanganate the gas being passed through a tube contaimng glass wool and 
then ovei laustio potash and phosphorus pentoxide Cylinder nitrogen and 
argon were employed and were dridl by passing over phosphorus pentoxide 
The argon was 99 per iint pun, the impurities being oxygen and mtrogen 
It was calculated that in no case could impurities l>c present in sufficient 
(iuantit> to affect appieciably the value of the range as measurc'd 

('oi lectioii-, foi DttJiy of Somci', 

In the case' of radium C' corn < turn for the decay was made using the tables 
from “ Radioaktivatat ’ by Me yc i and Htliwc idler The decay of the thorium 
(B -(- f') sources used was collected for taking the half value period as 
10 6 hours 

A specimen curve is given in hg 2 which shows long and short langc 
a particles from thorium (0 f- t") m hydrogen A list of the ranges obtained 
IS given m Table I The extiapolated ranges R,„ were reduced to a preasure 
of 76 cm of mercury and a te*mperaturc of fi’ (' by the relation 
R - R». ^ ?>/7b X 2KH/(27f 4 0 

where p denotes the pressure useei and t the temperature Tn each case the 
value given is the mean of at least two or three determinations The greatest 
deviation of any single \alne from the mean was less than 0 3 per cent 


Table I 


Source 

j Air 

Oxygon 

Nitrogen 

Argon 

Hydrogen 


1 cm 

cm 

cm 


tin 

ThC' 

8 111 

8 10 

8 07 

8 99 

to 88 

RaO' 

11 U4 

6 S6 

6 98 

7 27 

32 74 

ThC 

' 4 72 

4 40 

4 76 

6 00 

21 01 

Po 

1 7 87 

3 04 

1 89 

4 17 

17 2ft 
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> t(i i — Curve 1 ThC' a particles in Hydrogen Curve 2 (ThC + ThC) a particles 
in Hydrogen Curve 3 ThC a particles in Hydrogen 


Allowing for tlio orrors which might have been made m measurement and 
especially also in the drawing of the straight line portions of the curves, these 
values can he taken as correct to about 1 part in 500 

Some of the values obtained by other workers arc given m Table II 
While the results for polomum agree very well with those of Curie, JoUot 
and Onoda, and Onoda, the ranges m air found for thorium C', radium C' and 
thorium C ate all smaller than the values hitherto obtained The deviation 
18 greatest for the particles from thorium C, and m this case it seems to be 
definitely outside the range of experimental error We cannot suggest any 
satisfactory explanation for this discrepancy m the case of thonum C It 
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Table 11 


Observer * 

1 Source 

\ir 

Oxygon. j 

Hydrogen 




_ ^ 

cm" 

Henderson 

1 lh(' 

8 616 




IhC 

8 617 



Henderson 

‘ BaC 

6 963 



Geiger 

Ra(’ 

6 971 



Cune and Behounok 

RaC' 

6 96 



Henderson 

The 

4 778 




1 The 

4 783 




Po 

3 926 




1 Po 

3 87 



Joliot and Onoda 

Po 



17 30 

Onodn 

Po 

— 

3 63 

j z 


• Curie and Behounok, J Physique,’ vol 7, p 125 (1926), and at 


may be noted, however, that Roaenblumf has found that the a-particles 
consist of four groups with different initial velocities, the mam group bemg 
that of second greatest velocity To make sure that the differences m the 
values were not due to some difference m the conditions of the vanous experi- 
ments, tests were made on the long and short range thorium particles to find 
if the values could be affected by any of the following alterations, viz — 

1 The depth of the ionisation chamber Pj P 2 approximately halved 

2 A second screen B inserted 

3 Using the maximum and minimum possible pressures 

4 Placing a mica screen m front of the source (Geiger used a mica screen 

m all his measurements except m the case of radium C' ) 

Further experiments were then made by varying the pressure and keeping the 
distance constant The results obtained were m all cases unchanged In 
case 4, it was found that the stoppmg power of the mica did not change 
sufficiently with velocity for this to affect the results The slopes of the straight 
lino portions of the curves for thorium O', radium C' and thorium C were 
compared with those of Henderson’s curves and were found to be practically 
identical Thus we were unable to find the cause of the discrepancy between 
other observers’ values and ours 


t S Rosenbluiii, ‘ C R vol 188, p 1401 (1929) 
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Vdonty Considerations 
The ranges obtained may be considered m relation to the initial velocities 
of the a-particles as measured by Bnggs and Laurence * Assuming the law 
V3 = iR, 

where V is the velocity and R the range, the ranges can be calculated from 
the velocities by taking the data for radium C' as a basis of companson For 
the accuracy required in the values of the velocities, the differences between 
the values of Briggs and Lamence are neghgible Tht agreement of the 
observed ranges with the values calculated from the velocities is by no means 
exact as can be seen from fig 3 In fig 3 the differences between the observed 
langes and the calculated ranges are plotted against the latter, the ranges of 
radium C' being taken as unity The chffcrence curve appears to be of thi 
same general form in each case, having a maximum negative value for short 
range thorium a particles 



1<10 1 — llilfercncc between ob»er\od and cakidated ranges plotted against calculated 
langes 

\ir Oxygen and Nitrogen \igon — — — Hydrogen 

Stopping Powers 

The stopping powers of the gases used relative to air and to argon are given 
in Table III In figs 4 and 6 these stopping powers are plotted against the 
cubes of the imtial velocities 

* Bnggs, ‘Roy Soc Proc ,’ A, \ol 114 p 341 (1027) Laurence, ‘ Roy Soc Pr<M 
A.vol 122, p 543 (1929) 
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Table III 

Stopping power = range m air /range in gas 


Sonroe 

! 1 

Oxygen 

Nitrogen j 

Argon 

Hydrogen 

ThC' 


1 060 

0 993 

0 968 

0 211 

lUC' 

1 1 

1 068 

0 994 1 

0 964 

0 214 

ThO 

1 1 

1 059 

0 997 1 

0 940 

0 218 

Po 

1 1 

1 062 

1 

0 929 

0 224 


Stopping power 

— range in argon/range in gas 


ThC' 

1 014 1 

1 no 

1 037 

1 

0 220 

BaC' 

1 047 

1 no 

1 042 

1 

0 222 

ThC 

1 069 1 

1 121 

1 057 

I 

0 231 

Po 

1 070 , 

1 145 

1 071 

1 

0 241 


Table IV gives the values obtained by other workers 

Ph TtiC R»C nc 



tio 4 


Fio 5 
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Table IV 

Stopping power = range m air/rangc m gas 


Taylor 

Taylor 

van der Merwo 
robot and Onoda 


Source 

1 

Oxygen j Nitrogen 

Argon j: 

RaC' 1 

1 

1 11 1 - 

1 

Po 1 

1 

1 10 1 


Po 1 

1 

1 06 1 0 99 

— j 

Po j 

1 


1 006 1 

1 - 1 


0 224 
0 224 
0 26 
0 223 


Prom fig 6 it would appear that the stopping power relative to argon varies 
m the same way for all the gases examined 

Gurney, Gibson and Gardiner and Gibson and Eynng* have measured the 
stopping powers of certain gases relative to air for different small portions of 
the ranges Their expenments give the distance Sx travelled by the a-particlcs 
in the gases used for a definite small decrease 8E m the energy Thus the 
stopping power <t of a gas relative to air is expressed as 


Whem. 


(T 


SE/ 8E 


l£«5£ = i 

<5E XE a 


Assuming that extrapolated ranges R correspond to equal absorptions of 
energy E, this equation can be integrated — 


Therefore 


0 SE JooSE 




[•“alrdj; 


Hence by mtegrating the curves of 1 /o plotted against distance m air, the range 
m a gas can be calculated, assuming the values we have obtamed m the case 
of air This can only be done for the cases of hydrogen and argon and the 
values found are given in Table V together with the experimental results 
The agreement is as good as can be expected from the data available 


* Gurney, ‘ Roy 8oc Proc ’ A, vol 107, p 340 (1925) , Gibson and Gardiner, ‘ Pbys 
Rev to) 30, p 643 (1927) , Gibson and EyruiK ‘ Pbvs Rev ’ vol 30, p 663 (1927) 
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Table V 


Olwerved | Caltniatod 


Hydro jjea 

Olwi 1 vod I < ttIculaU il 


GaruU’i, Theoty of the Stopping Pouvi of Hydrinp n 
Th< stopping power of hydrogen atoms for « partules has Ik in calculated 
i< (.ordmg to the new (quantum mechanics by fJaunt"' who obtains the formula 
_ ijT 
dx 


(il^ 27t, 


2K6>'Ee 

where — dljdi is the rate of loss of energy for an a-partich of charge E and 
velocity y , N IS the numbci of atoms per cubic centimetre and p, and e are 
the mass and charge of an electron , to' is the frequent y of the head of the 
Lyman senes and y' is a constant equal to I 0‘2 Thes formula is the same as 
those previously obtained by Bohr and by Fowlerf except in the value of the 
( onstaut -I ' Gaunt considers that this equation will have the same form m 
the case of hydrogi n molct tiles but that there is no reason to suppose that the 
constant y' which is given m a very complicated way, will have the same value 
as for hydrogen atoms By integration of this equation the range R is obtained 
as a function of the initial velocity Vq - 

t^dv 




log (y'pt)®/27t{o'Ee) ’ 


where m is the mass of the a-particle On making the substitution 


27tw Ee 


this equation reduces to 




127tNE®e* (y'p/27co)'Eey 


/•-< Ion (yn». ■/->'•> l*)f, “f/, 


• ‘ Proc Camb Phil Soc vol 23, p 732 (1927) 

t Bohr, ‘ Phil Mag ’ vol 44 p 10 (1013) , Fowler, ‘ Proe Ciimb Phil Soc ’ vol 2J 
p 793 (1926) 
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which can be evaluated The ranges R for different values of Vj^ere calculated 
using the values of the constants given in the ‘ Physical Review Supplement,’ 
July, 1929, and the value 1 02 for y' (or 3 10 10“^® for the value of the ratio 
of y' to w') 111 order to compaio the theoretical values for monatomic 

hydrogen with the observed values for molecular hydrogen, the calculated 
ranges were halved and are plotted in hg fi (Gaunt, m his calculations, uses 



— — — Theoretical curve y'/ut — 3 10 lO'** 

— Theoretical tune y'/<a' — 1 20 10 

1 I 4 Pxpnimintal values 


the same vulut of y’/w' as for atomic hydrogen although w' should be pro- 
portional to the ionisation potential ) Clearly this modification of the formula 
docs not give the cornet values of the ranges in molecular hydrogen 

Assuming the form of the equation to he correct, the value of y'/ci' was 
calculated from the known initial velocitj and range of radium C' and was 
found to be (1 20 i 0 02) X 10"*® Using this value of y'/o', a new theoretical 
curve weui calculated and is shown m the upper curve of hg 6 The experi- 
mental values he on this curve with an accuiacy well withm the limits of 
expenmental error In his paper, Gaunt calculates the value of (Vo* - V*)/X, 
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where and V are the velocitiea at the ends of a short interval of length X, 
and compares the result with Gurney’s experimental value (loc cit ) for the 
mean velocity 1 98 X 10® cm per second Gurney’s experimental value is 
5 4 X lO®®, Gaunt’s calculated value, G IG X 10*®, and the calculated value 
using our value of fjoi’, 5 39 x 10*’ The theory of Gaunt for hydrogen 
atoms can therefore be extended to tlu cast of molecular hydrogen if a new 
value of the ratio of f equal to (1 20 ± 0 02) X 10" is used The 

calculated values of both stopping powers and ranges agree with the observed 
\ alues within the bnuts of experimental error 

Y' may be calculated by assummg a value for the lomsation potential of 
molecular hydrogen Gaunt’s tht ory gives no indication as to which value of 
this quantity should be used, anti there are considerable variations in the 
values obtained both theoretically and experimentally Assummg the value 
15 3 volts obtained from the spectroscopic data of the International Critical 
Tables, we deduce the value 0 446 for y', but whatever value of the lomsation 
potential is adopted, the value of y' obtained is much less than the value for 
atomic hydrogen Thus although the expression for the rate of loss of energy 
remains of the same form m molecular hydrogen, y' and a' both alter Had 
y' remained unaltered, then the rate of loss of energy would have been the 
same m molecular hydrogen as m atomic hydrogen except for the difference 
brought about by theu: different ionisation potentials, but since y' is less, it 
appears that the processes controlhng the rate of loss of energy of an oc-partiole 
are less effective in molecular hydrogen 

Summary 

The ranges of a-particles of different initial velocities have been measured 
in certain gases and the stopping powers of these gases obtained The gases 
used were air, oxygen, nitrogen, argon and hydrogen The results for polonium 
are m agreement with those of Curie, Johot and Onoda, and Onoda In the 
ease of argon and hydrogen the ranges agree with those calculated from the 
stopping powers obtained by Gurney The relation between ranges and 
initial velocities is discussed Finally, it is shown that the theory of Gaunt 
for the stopping power of hydrogen atoms can be extended to the case of 
molecular hydrogen 

In conclusion we wish to express our thanks to Sir Ernest Rutherford foi 
his interest throughout this work, and to Dr Chadwick for his advice and 
help We further wish to thank Dr Chadwick and Mr Crowe for the prepara- 
tion of the radioactive sources 
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The Efiect of Rotation upon the Lift and Moment of a 
Joukowskt Aerofoil 

By W U Biokley, D Bo , City and Guilds (Enj^mecring) College 
(Communicated by G I Taylor, F R S — Received Deci mbtr 20, 1929 ) 

I Introduction 

In d recent paper* the author has given a numbei of general fomiiilai con- 
c(rmng two dimensional hydrodynamics, including the workmg out in some 
detail of a solution of the problem of a rotating cylinder bv a method outhned 
by him some years ago f It was suggested by Prof G T Taylor that the 
apphcation of those methods and results to th<> Joukowski and othei a< rofoil 
sections would be interesting, and perhaps useful, and the present paper is 
an account of the results obtamed 

The solution of the main problem, that of the effect of rotation upon the 
hft and moment coefScient, necessitated the exammation of the force and 
moment due to fluid pressure acting upon a cyhnder m the most general case 
(the motion of the cyhnder being considered as compounded of a translation 
and a rotation, with circulation about the cylinder superimposed), and the 
author’s solution has been recently published J 


2 Summary of Results 

The results to lie obtamed may be briefly summarised for the benefit of 
thc^se who may not wish to follow their detailed deduction 
The effect of ordinarily ocoumng thickness is shown to be small, and 
iieglectmg it we find, as the effect of the rotation — 

(o) An increase in the Toukowsla circulation, F, of amount 

8r = iufaic®, (Equation 5 43, infra) 

where to is the angular velocity, and c the chord of the aerofoil 
♦ ‘ Phil Trans ,’ A, vol 228, p 236 (1020) Referred to m the text as T D P 
t ‘ Phil Mag ,’ vol 36. p 600 (1018) 

J ‘ Roy Soc Proc ,’ A, vol 124, p 206 (1020) Referred to m the text as H C See 
also H Glaucrt ‘ teronaiitical Researoh Committee, RAM 1216 ’ and H Lamb, tbut , 
1218 (1020) 



1H7 


Lift and Moment of a Joukowskx Aerofoil. 

(6) A change in the hft coefficient, hj,, of amount 

SAjl — j ^ co8*Y (Equation 6 36, *«/m) 

(when Y iH amall), 

4 U 

U being the velocity of (the hydrodynamic centre of) the aerofoil and y the 
angle of incidence 

(c) A small drag, producing a change in the drag coefficient, ^D, of amomit 
^ ^ sin 2y (Equation 6 38, infra) 

{d) A change m the moment coefficient (about the leadmg edge), k^, of 
amount 

=- g cos-) (Equation 6 47 tnfia) 

5 ^ (when , H small) 

While the woik was m progress, H Glauert was applying the method of 
trigonometric senes to the “ thin ” aerofoil, and his paper* contains indications 
of the possible usefulness of the knowledge, and an extension to the case of 
fimte span The above results all agree (when y is small) with his Consider- 
ing the generality of Glauert’s “ skeleton ” section, and its possible divergences 
from the circular arc skeleton of the Joukowski section, together with the 
smallness of the effects of thickness found below, it would seem evident that 
the above formulas apply to any ordinary aerofoil section with sufficient 
accuracy, so that a detailed exanunation of other sections given by mathe- 
matical formulas would scarcely seem to be worth while — ^at anv rate from 
the pomt of view of practical aerodjmanucs 

3 The TramfomuUwn 

In Joukowski’s onginal transformation, the aerofoil section and the region 
outside it m one plane (our z-plane) are transformed into a cude and the 
region outside it in another planef (our T-plane), by the formula 



as shown in the figure, the pomts at mfimty correspondmg dzjdx has zeroes 
* ‘ Aeronautical Research Committee, B & M 1216 (1929) 

t Though on account of an elegant geometneal construction these planes are usually 
superposed The transformation is then * =• t -f oVt and 4c is the chord It has been 
thought desirable to modify this as above for the present purpose 
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where T = ± 1 Any circle through these points (A and B) m the r-plane is 
transformed into a circular arc of chord c in the «-planc (dotted curves) , any 



circle touching one of these at the point t = — 1, and surrounding it, such 
as AEDFA, is tiansforraed mto a curve having a cusp at z == — |c, and a 
blunt leadmg edge, surroundmg the corresponding circular arc To use the 
methods of T D P , we must transform the circle into the real axis of the 
Zl-plane Taking ^ = 0 to correspond to t ~ — I, the formula is 

(3 21) 

T — (X 

or 




(3 22) 
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where (i is the value of t at the point D diametrically opposite t — — 1 
If the centre, C, of the circle is at t — fee**' (where b is small, usually <0 1, 
so that its square will frequently be neglected) we shall have 


p ^ 1 t 

(3 23) 

Also if m the - plane, AC = « and /DAB = a. 


1 ( (i. — 2ac'“ 

(321) 


It 18 easy to show that the angle subtended by the circular arc at its centre ls 
4a, and that the camber is ^tana , and that the maximum breadth of the 
section 18 , approximately, S-y/S/I 6 cos ^ c 

Combining ('1 1) and (122) we get the required transformation, 


whence 

dz 

dK 


4 U -t (xC + t/ 


(1 II) 


t(l + tx)o ( I 
4 U^-t)" 


1 1 


By the substitution ^ — tan (e/ T D P , pasnm) we obtain 

. _e ( (,x-])e‘« + (tx + l) | 

“ 4t 2c'‘ ^((1 - f (|i I l)f 


(131) 


and if t — r + t», s = 0 is the boundary, while s = const and r ( oust an 
respectively stream-lmes and equi-potentials for circulation round the section 
As « e** -> 0, so we can write 


(3 14 ) 


the series certainly converging if « < 0 , this simplihes calculations for plotting 
the profile, stream-lmes and equipotentials It also shows that the ‘ hydro 
dynamic centre ” {cf H C ) is the point 



4 






In the more usual form of the transformation, with the z- and x-plaues super 
posed (and a relation between the units necessitated by the geometrical con- 
struction), this coincides with the centre of the circle AEDF The convenience 
of usmg such a point of reference, especially as one about which to take 
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momenta, has been reahsed by wnters on aerodynamics,* but not, apparently, 
other properties of the hydrodynamic centre 
The area enclosed by the prohle wj- 

^ = (141) 

Lining (131) and (3 12) and evaluatmg the integral by residues, we fand 

A = ’g(l + .)(l+ii){i-,^.) (3 42) 

= — 6 cos [1, (3 44) 

4 

where, in the last, higher powers of b arc neglected 


4 Circulation and Streaming 

The methods of T ID P give us the solutions for circulation round, flow 
past, and translatory motion, m the forms — 

(o) Circulation, T, 

+ i4i, = ^log^-^ (4 1) 


(6) Stream, coming from infimty m the direction — y (^ke negative sign 
being taken so that y can be taken as the angle of incidence) and undisturbed 
velociti L^ 


4 ^ U^/(l+jx)£j: _ (l..+ p ),e 

^ ‘'t'p 4 I i; - 1 ^ + i / 


(4 2) 


(c) Translation with velocity U in direction — y, in fluid undisturbed at 
infinity 

ICjj' = Wj, — Uzt*!' 


4 




iil±j0d I 
j: + t 




(4 3) 


m which the first term in brackets, being constant, may be omitted 
♦ 6/ Glauert, ‘ Aerofoil and Airsotew Theory ’ (Cambndgo, 1929), p 85, where, luilesa 
the fact that the planes are superposed is home m mmd, there may be some confusion 
t* Bam denote, consistently, conjugate complex quantities 
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The impulse m translatorj motion pet unit length, imludmg the momentum 
-of flmd the prohle would enclose, is 27tp X the coefficient of 1 jz m the expansion 
of i/)u' valid neir : ^ oc Now when z is large, i; = i {1 -| (1 -f- ]i)cjiz } 
so that 

u ' ^ 111 • , 7 _ ( 1 H (x)(L -fp)c~‘yc , , 1 

t r 4: ^ 4- / 

whence the impulsi , mt including the momentum of enclosed fluid, is 


on using the value of A from (3 42) If wi^ and arc the inertia coefficients, 




_ j (Lj_t^).(H- |X)/^ 4 ^ ^ a 

If) I 4 \ ((i -f lA)*' J 

InpHfl 1 6^cosAp ) 


ixactly, for all Joukowski aerofoils having the same chord 
The Joukowski condition that the velocity at the traihng edge is fanite is 
equivalent to the condition that dw/dl^ = 0 when ?[ = 0, where w — tc, -{- w,r', 

+ i Ue(i(l 

r-Tl ' I 

^ ^ , Me i t (1 + ji) c-'> _ t(l f [A)e^ I 

d^ 7r(j;*+l)^4l (J:+0* 

and so the condition is 


or since 1 + p, — 2ae‘“ and 1 -f p = 


r = 7tca8m(a + Y) 



192 


W G Bickley 


The resultant force per unit length, is 

X f lY^tpriV-'v 

= 7rplT*ra« "‘T' sin (a t y)> (4 "^1) 

which IS jK^i pendicular to the direction of motion , it is a lift, 

L — TrplHca sin (a + y) (4 '7-^) 

and th( lift coefhc i< nt is 

ki =rusin(a Hy) (4 71) 

7r(a + Y) 

I'lu moment about the hydrodvnamic centre is 

Al, (niy — itig) U* sin y cos y 

- Jirpc^ sin 2 y (4 hi) 

4bout the leading edge [taken, with an error of ordei b^, as the point (c/2 0)1 
the moment is 

M — Mf — L ^ {cos y- ib cos (fi |- y)} 

— irrpU'^c* {sin 2,' j 2b(] | los^ylsin fJ 

+ 6sin2Ye^s[i-6*8in2([i ) /)}, (182) 

where we have used the identity a sin (ad y) — sm y + ^ ( Y) 1 f " e 

neglect 6*, and take y as not being very large, so that we can put c os* y = I 
and also neglect b sin* y, we get the moment coefficient about the leading edge 
in the form 

I'm — Jjt {sin 2y + 4h Sin p} (4 82) 

--i7r(2y + 4a) (184) 

(since 6 sin p == o sin a ~ a) 

= A„o-R, (4 8'-,) 

kno being the moment coefficient at zero lift, t e , when y — - a 

5 RoUthOH 

For the velocity potential stream function when the profile rotates about 
an a*is through z — Zq with angular velocity co, we require a function of 
finite and continuous in the upper half-plane, the imaginary part of which 
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reduces, on the real axis, to ^to) \z — We naturally take, according to the 

results of the previous paper (H C ), the point as the hydrodyiianuc 
centre, — 1) 

Now, on the boundary (where is real). 


- {z r„) ( ^ - -„) 

1 I 


2 ( I !: + 1 


16 U - i F 

This may bo split into partial fractions giving 


~T~\ 


ifi I 


and wo easily find 


= 2i^-3l±, 
(X - 1 


L==iii±Ji(li±i)iE + i) pliZLil 
g I 2(g-l) g+p/ 

f _ ^ ii+ 1 i(g+2)(i^ + 1) , -n 

g \ 2 (g — 1 ) g + li/ 


(813) 


Now because (5 12) is purely real, the real part of 

1* i _1_ + __k_ I 

16 IC I t ^ g^ + i/ 


will differ from ^{z — Zq}* by a constant on the boundary and it is evidently 
fimte and continuous in the upper half-plane We may thus take* 


, I , iciic® i IC , 


L ) 


Also, on the boundary (but not elsewhere) 


(^„) = «>„ — Jicolz — ZqI* 

^ K _L E_'l 

32 U-fi gi:4-i 


(6 21 ) 


(6 22 ) 


* The procedure, and equation (6 434), at T D P , also give this result 
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from which we hnd the impulse 


- ip <|> ( 4 >») = ip j ( 4 >«) ^ d!: 

Ttpoic^ 1 (1 + |x)K ^ . tiL 

64 ) 4 |x + 1 [A + 1 




- ^^^~(2b cos [i 4- i6 am p) (6 34) 

ipulpcting higher powers of 6 

For the Joukowaki circulation ue must have as before dwjdX, = 0 when 
; ^ 0, but with w = ti’r + ^ c . 


r (i" 1 ')(ii 1 J) 


(n - l)(il- 1)(|A ) [X f 2) 1 

2 ((i. 4- (1) I 


1 his ( an be taken as with a small error, or as Jittoc* (1 4- 26 cos (5) with 
i-nnj small tiioi It is noteworthj that the value, Jttwc®, was deduced by 
(llauirt (hic <tt ) for a thin aerofoil of any section of small camber We see 
here that it is a good approximation foi any Joukowski aerofoil of reasonably 
small thickueas , it would thus seem to be a leasonable approximation for 
uny ordinary aerofoil section 


6 Flight in a Citived Path 

We liave now obtained all the necessary material for building up the results 
for flight in a curved path If U and y refer to the motion of the hydrodynamic 
( entie,* and w is the angular velocity, equations (4 6) and (5 13) give for the 
total circulation 


r = TcUca sin (a + y) + Irtwc* (1 4- 26 cos ^ ) (6 1) 

* fhis detmes y Qlauert shows that the appropnate value of y vanes with the reference 
point, and it is convenient to have a standard reference point iwt arbitranly chosen 
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Lift and Moment of a JoukowsJn Aerofoil 
The total impulse is 

I = lu 1 I« ~ w® U cos Y iwiyU Bin y + I- (6 2) 

whore is given by (5 33) 

The resultant force [r/ H C , equation (4 3)] is 

X + lY = iprUc-‘> - 10)1 (6 31) 

If L' 18 the lift, and ])' the drag, 

X f lY + iD') 

L' + iD' = pTU ~ o)Ic‘» (6 32) 

Neglecting 5* and highci powers, we And 

L' = Ttpc I U®a sin {« -|- y) + JeoU (cos* y + 26 cos p) 

-^^(2co8p8inY + 8inpco8y)j (6 33) 

and the lift coeflicient 

/i' — TO) sin (ot + y) |7(cos*y + 26 cos p) 

M^cospsmy l-smpcosy) (6 34) 

Now m ordinary flight in a ouived path, oic/U is equal to c/r, j beiug the radius 
of curvature of the path of the hydrodynamic centre , wr/U will be small, 
and its square multiplied bv tin small quantity 6 is negligible Thus we 
have 

/, "-^'(.os^y + 26cosp) (0 35) 

If we neglect 6 altogetbi r, and lestriit ouisolves to small angles of incidence, 
3A| - (6 36) 


which agrees with Ulauert s lesult "■ 

D' 18 small again neglecting the product of 6 and (wc/U)*, wi have 
])' = j7tpo>c*U Hill y cos y, 


(6 37) 
(6 38) 


* Loe cU The approximate formulte for small angles used m the ( ourse of Glauert’s 
V ork make it impossible for him to find the small effect of y shown by the cos* y m (6 315) 
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Lift and Moment of a Joukowsh Aerofoil 


Using the fonnula (6 32)* of H C , the moment of the pressures about the 
hydrodynamic centre is 

(m^ — >n^) sin y cos y + (0 42) 


— ^7tpc*U® Sin 2y |- 


Ttptao^Ufc 


64 (1 + 26 cos p) 


2 + 


1+26 cos p 


cos (p + y) 


+ - 


(1 + 26 cos 

— jTtpc^U* Bin 2y -j- (2 cos p cos y -smpsiny), (♦' 44) 

neglectmg higher powers of 6 The moment about the leading edge [again 
taken as (c/2, 0)] is 

M' = M/ - JL'c{co8y - i6cos(p + y)} - il)'c{siny - i6Rin(P + y)} 
so that 

K' = kj — Iki! {cos y - 46 cos (p + y)) — {sin y — ^6 siu (P + y)} 

(6 45) 

or, neglectmg 6* and 6 (oic/U)*, 

, , , 7T CSC 7t6 toe , 


so that 


■ 8 U 


32 U 


(4 c 


s P COB y + sin p sin y), (6 4(>) 


71 toe 

8 U 


^ ‘'08 Y — ^ ^ (4 oos P cos y + sm p sm y) 


and with y small, 




7c6 


(4 cos p + y sm p) 


(b 47) 


(6 48) 


I U 32 U ' 

The term — ^rioc/l] agrees with Glauert’s result, expi eased in our notation 

(649) 

which differs by the last term from the (approxunate) relation (4 85) usually 
adopted for translatory motion 


In conclusion, the author would like to thank Prof Q I Taylor for sug- 
gesting the problem, and for his continued interest m the work , and also 
Prof H Levy for various suggestions 

* It 18 much regretted that by an oversight the formula for I m H C did not moiude 
a term in ta, bo that the work following (5 32} there is mcomploto, and some statements 
— espcoially that the moment about the hydrodynamic centre is mdependent of u — are 
in error The author wishes to thank Dr Lamb for pomting this out 
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On the Sped') iim of Bi omine in Different Stages of lomsatton 
By SuRKSH Chandra Dfb, M Sc , Roacaroli Scholar, Allahabad University 
(CommuiiicaUd b> M Sah i, F R S — Rlccivi d Dtitniber 30, 1929 ) 

The spectra of elements belonging to the halogen group have been investi- 
gated by many workers duiing recent viais m their successive stages of ionisa- 
tion * 

Systematic classihi ation of bromiiu lims has not yit been done, though 
there is plenty of experimental work In the arc spectrum Turner (ioc cit ) 
got only the fundamental hues Foi the spark speetium, Hlochf has separated 
the groups belonging to the different stages of lomsation from X 2200 A to 
X 6000 A , though he did not attempt anv ( lassifii ation 
Spectral investigation has now proieedid so fai that it is possible to locate 
almost exactly lines belonging to diffirent transitions of any element m any 
stage of ionisation Fust of all \m have the Pauli- Heisenberg Russell-Hund 
thcoiy which enables us to calculate the typis of spectral lines arising from 
any electronic configuration Secondly ha\« tin aiithmctic progression 
rule discovered by IleitzJ for the X ray region and applied by MiUikan and 
Bowc n§ with conspicuous success foi locating the spectia of stnpped atoms 
contaimng only one or two \alenc> electrons This law has been extended 
by Saha and Kiclilu, and simultaneously by Mack, Laporte and Lang, and 
Gribbs and WliiU|| also to complex spectra Lastly, we have the “ horizontal 
* The follow-mR complete claswhi iitions may lie mentioned — 

F — dc Hnnn K Akad Ams Proc ’ \ol 30 p 947 (1927) 

F--l)innlo Hoc Soc Pioc.’A \ol 113 p 323(1927) 

!< + +- Millikan and Bowen Plus lu \ vol 23, p 11 (1924) and vol 29 p 231 
(1927) 

l, + +__l)inxK Roj Sac Proc ’ \ vol 122 p 144(1929) 

Cl- Turnei ‘ Phv« Rev vol 27 p 397 (1026) 

Cl -Majumdai Roy Soc Pioc A vol 123 p 60(1020) 

Cl — Kieaa and do Bunn Bui Stand J Itos ’vol 2 p 1117 (1929) 

C1++ — Bowen, Phys Rcjv ’ vol 31 p 35(1928) 

C1++— Majumdar and Chandra Ueb, ‘ Ind J Phys voL 3, pt 3 (1929) 

Also a partial classification of 01+ bj Paschen Ann Physlkj’vol 71 p 792(1923) 
t ‘ Ann Physique 'vol 7, p 206 (1927) 

X Z Physik,’ vol 3, p 19 (1920) 

§ ‘ Phys Rev vol 24, p 209 (1924) and subsequent paper 

II Saha and Kichlti, ‘ Ind J Physics ’ vol 2, pt I (1928) , Mack, Laporte and Lang, 
‘ Phys Rev ’ vol 31, p 1124 (1928) Gibbs and White, ‘ Phys Rev vol 29, p 369 
(1927) 
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comparison method ’ due to Saha and Majumdar,* which enables us to locate 
bnes with almost arithmetic ccrtamty and helps us to make a complete survey 
of bnes belonging to definite transitions of any element 
To illustrate the use of these rules let us consider the spectra of following 
groups of elements 

Table I 


\ 

\* <* 12 11 



I 1 Ga Ge Ah Ac Hr Kr 

II I Go+ Aa+ So+ Bi+ Rb 

III I Aa++ 8e++ llr+^ (Cr++ Rb+' Sr* 

IV , So++^ Br++' Kr+++ Bb>+' Y+ 

V j Br^-iv Kruv Bb+>v SrU\ Y+o 

These groups of elements have the electronic composition (2K 8lj 18M 2Ni)a:'M^ 
x' varying from 1 in Ga to 6 m Kr x' represents then uoimal state In 
their excited states they have the composition (2K 8L 18M 2Ni) 
etc , X now varying from 0 to b as we pass from Ga to Rb (The same holds 
from groups II to V also ) The light electron luns through the unfilled levels 
Oj, Oj, etc , as graphically denoted m the following general diagram f 

2K 8L 18M 2Ni Nj N3 
X I 

0, O, Oj 

1 r 1 

Pi P2 P3 

1 1 1 

Qi Q* 

1 


Ijocatxon of Lines due to different TransUwoh 
(1) Transition 

t 

0i 

* ‘ Ind J Physics,’ vol 3, pt I (1928) bee also Gibbe and White Pro< Nat Acad 
Sci vol 14 (1928) 

t We are following the notation used m the Allahabad Laboratory, as this seetns to 
present, at least to ns, marked advantages over the system wbioh has been proposed bv 
Bussell, Shenstone and Turner (‘ Fhys Rev ,’ vol 33, p 900 (1020) ) There is no essential 
distinction in principle between the two systems, ours is graphical, whde the other is 
symbolical We have found that, with our graphical system, we can locate hnes and 
assign transitions much more quickly than by using the other system 
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In. moat cases, these lines for the groups of elements considered m Table I he 
in the Schumann region They are excluded from our discussionn 

(2) Transition Nj (Oj +- O 2 ) 

For many of the elements in Table I the Imes due to this tiansition are known 
They are shown m (’hart 1 (pp 200-1) and plotted in fig 1 



Fio I — Transition •cN,(0,-<- O,) 


In this Chart the most important lines are noted The refeience has been 
given under the hne 

The diagram shows the validity of the two empirical rules, viz , of the 
arithmetic progression law, and the honnontal comparison method The 
extreme elements (Qa and Rb) have simple doublet spectra, and there are 
only two Imes correspondmg to the transition -<-02 We plot the hnes 
due to Gle’*' and Sr"*" at the extreme ends, and draw a hne through 




Chart 1 — Tranaitaon iNj (0^*- 0*) 
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! Chandra Deb P K. KlcUu, R Majumdar, ‘ Xa Fowler. Report, 
(this paper) ‘ Boy Soc. Proa,’ tnrwnssenschaf p. 132 

voL 120, P.T643 ten,’? 198(1929).' 

(1928) ^ 1 
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them (thick lines m the diagram) Then it la found that the most important 
lines due to the intermediate elements (As^ to Rb"^) he on this hne, and 
the other groups he scattered about this hne in a regular order implying an 
exact correspondence between similar groups of elements havmg iso-electromc 
structure Thus let us take the spectra of Kr, Rb+ and Sr+'*‘ Both in Kr 
and Rb+, the *(PD) hncs he on the hne, while ®(PS) he below, and ^(PP) above 
the line The classification of the Imes of Sr^"*" is not known But from 
analogy, ne can predict that ®(PD) will be on the hne, •*(PS) will bo below the 
hn( , and ®(PP) above the line I have always taken advantage of this corre- 
spondence m order to locate the different groups 

The two empirical laws hold not only for the transition ( 0 ^ O2) but, as 

has been shown by Dr Majumdar, also for the transition (O2--O3) The 
available data relating to this transition for the elements in Table I are 
eollccted in ('hart 2 and plotted in hg 2 





Transition arN^ (0, ■<- O 3 ) 


Spectrum 0 / Bromine tn Zhfferent Stages of Ionisation 203 



(1928) 
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Spectrum of 

With the aid of these guiding principles, I have tried to classify the spectrum 
of bromine in its different stages of ionisation In Br itself no data is yet 
available In Br+ I made use of Bloch’s data and obtained the quintet terms 
due to (Oj +- Oj) transitions They fall exactly in the predicted places and 
are shown m Table II I have also obtained lines due to (Ojs- 0|) 
(Oj - Pj) and (N3 Oj) transitions They are shown in Table II 

lonibotwn l^olenltal of Br^ 

Prom Table II we see that 

Oi - Oj = 21182 takmg the line (®Sj — ‘Pj) 

0^ — Pi — 20930 takmg the line (®Pg — “Sj), 

therefore 

()i - Pj = 42112 

Let Oi = 4N/(2 -f <y)^ and Pj _ 4N/(3 + (t)^ Then from a table of 
Rydberg-sequences (Fowlci’s ‘Report’) 

Oi = 82128 and P^ = 40016 

From this we have 

Oj = 60946 

Taking Oj = 4N/{2 + 7c)», we get Ng = 4N/(1 + w)* = 164888, which 
gives the lomsation potential of Br ' to be 19 1 volts 

The value is actually higher than the actual lomsation potential of Br 
IS the fundamental terms arising from the 4N3 combmation is *P This will 
form the larger Rydberg sequence of *P arising from 3N,02 But we have not 
got the triplet terms, but only qumtets Hence the value of the ionisation 
potential obtained here is larger than the actual value 

Spectrum of Br+'*' 

The Quartet Group due to the Transition 2N2(Oj<- Oj) — Prom hg 1 it 
is at once seen that the lines due to the transition 2Nj (O^ Oj), viz , *(PsD4), 
^(PjPg) and ‘(P3S2) are located as v 28000, v 31600 and v 33000 respectively 
\ strong set of lines m this region is given by Bloch, and from consideration of 
intensity, the following lines were identified, v 28063 as ‘Pg — *0^, v 31497 as 
*Pj — ^Pg and V 33096 as ^Pg — *83 The prediction turned out to be com- 
pletely successful and the following mnltiplets wore obtained 



Table 11 


Sped') rim of Bromine in Different Stages of Ionisation 
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Table III — Br'*"*' Transition 2Nj(Oi-t- O 2 ) 


2N,0 

2N,(^\ 

\ 

516 838 

1138 

1283 

6‘P, 

6*P, 6*P, 

6 ‘Pi 6>P, 

6*D, 

i«D, 

d‘D, 

(7) 

■27764 6 

(0) 

27246 2 — 

_ „ 

_ 


332 

d«D, 


(2) (2) 
27576 2 26739 3 



_ 

576 

«i*D, 


(7) (2) 

28153 7 27315 0 




748 

a*D4 


(10) 

— 2806.3 2 



_ 

a'D, 


_ 

(4) (2) 

28769 6 27631 7 

(3) 

26980 4 

- 

1366 

! <*‘D. 

_ 

. .. 

(0) 

28998 7 

(4) 

28353 9 

(8) 

27069 2 

1 

a‘P, 

(«) 

31608 4 




- 

1 472 

d ‘1>, 

1 (6) 
3208.1 0 

(7) 

31562 4 


! - 


771 

(/*F, 


(6) (8) 
32335 0 11497 7 




1 a‘P, 

— 

- 

; (2) (4) 

32352 6 31214 1 

1 (6) 
30573 6 


11171 

1 

a»p. 



1 — 32381 6 

1 

I (4) 

1 31744 0 

(6) 

30461 3 


(C) 

34456 3 

(2) (10) 
33934 1 33096 9 

- 

! 

- 


The Dmiblet Oroup —For the identification of the doublet group, we are 
guided by Mr D K Bhattacharyya’s observation that in the case of S"^ 
(which has the same electromc structure as Br"*”* ) the *(PD) group will be 
situated just below ^(PP) and *(PP) group near *(PS) groups It was not 
ilifficult to identify the other groups once the correct difference has been 
obtained The doublet group is also included in Table III 
Lines Due to the Transition 2Nj (Oj •*- Oj) — These are identified from exam - 
1 nation of fig 2 and there shown by The group of lines due to this 
tiansition is shown lu Table IV 



Table IV — Transition 2Nj(Oj-t- Os) 
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lAnes Dui to Transition 2Nj(N8-*- Oj) —These lines would be fairly strong 
and would be comparable m intensity to the (Oi O^) lines Our analysis 
of the spectrum of Cl enabled me to predict that the group would be found 
between v 16000 and v 28000 I obtained a multiplet from Bloch’s data, 
but all of the expected multiplets could not be obtained as the data did not 
extend beyond ^ 6000 So I undertook an experimental mvestigation of the 
spectrum of Br^+ in this region and obtamed a number of new hues shown m 
the general Table X The *(DF), ‘(PF) and ‘(DD) groups are entirely new 
and some of the lines of ^(PD) and ^(PP) groups are partially identified from 
my data 


Experimental Arrangemerds 

The spectrum was obtamed by passing a condensed discharge through a 
spectrum tube of special design which has been described by Dr K Majumdar 
Koy Soc Proc vol 125, p 62, 1020) in his work on the arc spectrum of 
chlorine The diagram is not reproduced here as my tube differed very httle 
from Dr Majumdar’s The electrodes were of nickel, as this metal was found 
to bo the best matenal for withstandmg the effects of bromme gis The 
bromine used was Kahlbaiim’s extra pure B in Majumdar’s figure was 
replaced by a bromine bulb The tube length between the stopcock S and 
the discharge tube was about 3 feet, hence there was little probabihty of 
bromme getting contaminated by the grease in the stopcock The condenser 
was made of thick glass plates separated by tin foils and immersed in kerosme 
oil Capacity was about 0 01 microfarad A pressure of about 3 mm of 
mercury was mamtamed m the discharge tube 

The spectrum was formed by a plane transmission gratiug with a glass lens 
having a dispersion of about 25 A per nullimetre at the region under mvestiga- 
tion (X 4000-X 7600) several photographs were taken on Kodak panchromatic 
and dicyamne plates with the exposure of about 3 hours Neon companson 
hnes were used for measurement, and the order of accuracy was found to be 
about 0 1 A for fairly strong hnes About 230 hnes were measured of which 
60 were entirely new 


Identification of other Groups 

For the identification of the groups due to other transitions we worked out 
the V values of the different energy levels, with the aid of a Rydberg formula 
Let us take the following structure diagram The approximate energy values 



Table V — Br'^+ Transition 2Nj(N3*- Oj) 
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of the levels arc indicated below these levels, and were obtained in the way 
explained below — 


N* 

Na 


209600 

126000 


Oi 

Og 

Oj 

130000 

98200 

64300 


i‘i 

1\ 


7070(1 

56700 


W< have from the tables 


and 

Hence 


()j - 0^ )1497 taking tj^i line *rP 3 D 4 ) 
Oj — O, = }r)2‘13 taking the hiu ^(PsD^) 
N, — ()j = 1 . ‘28338 taking tin line ^(PaPs) 
Nj - O, -= 01571 


Let us siippos<> 
then 

therefore 


that 

vs -=ON/(2 + S)2, 

VO, - W/(‘3 4- 

9N [1 /(2 + «)*-! /(3 + S)2] = 61571 


We hnd from reh rente to tables of Kydlierg terms given in Fowler’s ‘ Rr port,’ 
p 82, that roughly 

Ng = 126000 

and 

C4300 

Hence 

0*= 98200 
()i 1 30000 

Taking vo, -- 9N/(2 + s)*and V|., ~ 9N/(3 4 s)2we get vp, from the above- 
mentioned table (after proper i^ilculations) to be 70700 Similarly we worked 
out the values of vj.,, vp,, , which are shown in the diagram above 

From these values we find that the lines 2Na(Oj, Pj) would he m the range 
(27000-32000) There is a large group of unidentified hnes m this legion, 
and with the Help of known 2Ng02 differences, I easily identified the niultiplets 
They are shown in Table VI 
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Tabic VI - Br++ Transition 2Nj(02^ Pi) 


2N,P, 

708 001 1 


77S 

090 

2N,0, \ 

e‘r, 

(•‘P, - *P, 1 


< ‘\\ 



\ 

— 

(10) 




— 

rf<D, 


12510 1 





132 

(7) 

(1) 1 





d‘D, 

31387 1 

3218(1 (1 31083 4 





'i7(. 


(0) 





d‘r>, 


31(M»8 9 32r>07 1 ' 





718 


(Kl) , 





d*X>^ 


3I750 2 i 








(^) 


(4) 

(V 

d"!), 


- 

12131 7 

- 

3380(1 8 

34856 7 

nfi(! 
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(4) 


(1) 

</H), 
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- 

31744 0 

— 

33492 5 


(2) 

(0) 





fl *l\ 

27871 2 

28(172 1 





\ 472 

(1) 

(2) (1) 





j 

27401 4 

28202 8 20IO4 0 





i 773 


(7) 





dn>. 

* 

28330 4 








(i) 

r>) 

(4) 


d»p, 



28740 (• 

20528 4 

30284 5 


1171 



(2) 

(4) 

! (6) 

(6) 

dn\ 

i - 

— 1 

2757(1 2 

28153 0 

! 2011) i 

10103 1 


(1) 

(4) (2) 





<i‘S, 

25029 1 

25824 8 2(1727 0 i 






It 18 also clear that no oth< r "roup of lines in the region investigated by Bloch 
can be assigned to Br+ + 


lomsatum Pohntml of Br^'^ 

We can make a provisional estimate of the ionisation potential of Br+‘*' 
Taking 0^ — 9N/(2 + and = 9N(1 + p)^, we get Ng = 209600, 
which IS equivalent to 25 9 volts 
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The value can, of course, be regarded only as approximate The resonance 
hnes are expected at about X 1260 

Spectrum of Br^^^ 

By applying the method of “ horizontal comparison ” wo see that lines due 
to the (Oj •< 0^) of Br+ spectrum would be located (see fig 1) at about 
V 37000 A strong group of lines in this region are ascnbed by Bloch to Br"^ 

T could easily classify these lines into multiplets ansmg from transition 
(Oj O 2 ) and they are shown m Table VII below No other group has been 
obtained Intercombinations have been obtained in this case 



'J'able VII 

Pr+++ Transition (Oj-*- Oj) 

\ 

N,0. 

N,0,\ 

\ 

\ 


506 109S 


933 

*Po 

»P, 

»P, 

*Pi 

*D, 

(1) 

S2368 2 

(0) 

32874 8 

(2) 

33966 7 

- 

1193 


S4066 

(2) 

S6168 

(2) 

36094 8 

1617 

•I>. 



0) 

16675 2 

_ 

i 

- 

(2) 

36863 

(2) 

36968 

- 

; ! 

’Po 


(1) 

38066 

- 

(4) 

40090 6 

’P. 


(4) 

S8429 

(4) 

19623 

(1) 

40463 

607 

*P. 

_ 

39036 7 

40130 8 

_ 

IIU 

'P, 

W 

S9644 

_ 

(I) 

41244 

(3) 

42177 

loos 

•8, 

(2) 

40646 

(1) 

41166 

(2) 

42247 

- 
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Speetrum of 

Br V atoms form an iso electric system with Ge 11, As III and Se IV atoms 
The spectra of these are known, and are classified by vanous workers (shown 
m Chart 1 ), from which we at once see that the two doublet hues arising from 
the combination *Si /2 — *Pi /2 3/2 due to the transition (Oj O^) would be situated 
at about v 40000 The difference between them would be of the same order 
as the difference terms (*?„ — of m Br+^+ spectrum This difference 
IS 2632 in wave-numbers (mde Tabic VII) The lines could be easily identified 
and arc shown below 

Table VIII 


\ 

^\2NiOi 

2N,(^\ 

1 



\ 

\ 




>Pi 

(2) 

41018 2 

(I) 

33611 7 


2672 1 

i 

(3) 

<*) 

(4) 

*Pi 1 

43590 1 

30084 2 

35440 9 


Table IX —Classified Lines of Br+ 


A. 

Int 

V,.. 

Quintet oombinatioDJi 

4086 01 

1 

21328 3 

-/*D, 

4601 24 

> 1 

21310 7 

d‘P, - /‘D, 

4003 30 

1 

21301 1 

d'P, -/‘0, 

4006 43 

4 

21287 1 

d‘P, -/»D, 

4701 00 

3 

21200 1 

(i‘P, -/‘D, 

4704 86 

10 

21240 2 

<J‘P, -/»D, 

4710 77 

8 

21182 0 

6»S, - d‘P, 

4720 30 


21170 6 

<J*P, 

4728 24 

4 

21143 8 

rf*P, - e‘S, 

4728 79 

2 

21137 5 

(J‘P, -/*D, 

4742 70 

10 

21070 6 

<i»P, - e»S, 

4752 05 

3 

21034 1 

d»8, - d'P, 

4767 10 

10 

20070 3 

/6‘S, 

\o‘D, - <J‘P,/ 

4776 42 

10 

20930 0 

fd‘V. - « ‘S,\ 
\c‘D, - d*P,/ 

4786 60 

20 

20890 1 

C‘D4 - <1»P, 

4705 23 

3 

20848 0 

0 ‘D. - d ‘P, 

4803 21 

0 

20813 4 

c‘D, - d‘P, 

4802 24 

6 

20817 2 

c*D, - d‘P, 

4810 04 

2 

20784 2 

e *D. - d ‘P, 

4810 71 

15 

20781 6 

c ‘D, - d »P, 

4816 72 

8 

20766 0 

c »D, - d ‘P, 
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Table X — Classiaed Lines of Br++ 


A Int 


2326 56 1 42900 4 
2360 26 1 ' 42538 0 
2377 70 0 I 42044 6 
2381 16 0 ' 41986 5 
2384 12 I 2 I 41932 1 
2391 86 I 2 I 41796 2 
2473 18 I 5 40423 3 
2482 16 1 O ' 40277 O 
2495 62 I 40067 1 
2602 74 [ 39946 2 
2604 92 1 ' 39011 1 
2609 66 1 19833 2 
2616 06 3 19734 6 
2620 27 I 6 1 30671 7 
2632 43 , I I 39476 8 
2638 68 2 10182 6 
2654 26 I 1 39130 I 
2657 82 I 4 I 10084 7 
2663 10 1 2 39004 0 

2602 34 I 2 I 38649 8 
2694 45 4 I 38633 7 
2894 40 4 I 38632 0 

2603 16 I 5 38406 0 
2606 18 0 38361 9 
2616 21 1 18211 9 
2626 49 ' 6 I 38064 9 
2663 91 1 2 17669 7 
2674 89 ' 2 37377 1 
2677 34 4 37340 6 
2681 53 3 37281 9 
2085 26 3 37210 8 
2694 23 5 37106 2 
2699 86 a 37029 4 
2719 03 5 1671)7 8 
2736 86 2 16542 2 
2730 52 1 16632 6 
2744 79 2 16424 3 

2760 60 3 36346 9 

2761 99 2 36329 0 
2761 31 1 30109 6 
2769 11 4 36233 2 
2772 00 I 16064 4 
2772 62 3 | 10066 8 
2780 73 2 t 36962 0 
2804 12 3 I 35661 7 
2842 69 2 16157 6 
2808 19 3 34856 7 
2901 42 5 14466 3 
2936 06 6 I 14049 0 
2946 17 2 j 33934 1 
2961 92 4 I 33866 8 
2967 23 6 I 33692 0 
2975 70 4 33696 8 
2984 9 1 33492 6 
2993 93 8 I 33391 1 


Combinations 


Quarictn Doublets 




-/’P. 


-/*P. 


rf*D, 

-/‘Pi 



rf»D, 

-/•Pi 

.1*D, 

-/‘P, 


d*D, 

-/*P, 



-/‘Di 


rf*D, 

-/*». 


d*D, 

-/•». 


rf‘D, 

/‘I>i 



d V, 

-/•Da 

rf‘14. 

-/‘Di 1 



d’Da 

-/•Di 

<i*Ot 

/‘D. 1 



-/•D, 



-1«P, 

- /»Pi 

(1*P, 

/*P. 



-/•I), 


3*P, 

- /‘P. 




-/»D, 

rf‘P, 

-/‘Pi 


rf*P, 

-/‘P, 



rf’P, 

-/•P. 

<1‘P, 

-/‘P-. 



' d>P, 

/•P, 

<<‘P, 

-/‘P. 



(1 »!), 

-/‘Fa 

rf‘7>, 

/‘P, i 


fi*V, 

-/‘J-5 1 


</*!>, 

-/‘Fi 



1 '^‘1’, 

- /*P. 

rf*D, 

- /‘Ii 




- /'Fa 


-/‘P, 


rf‘P, 

-/‘D, ‘ 



-/‘F. 



- /‘F. 


rd*p. 

-/‘l>a 


\d*p, 

/‘I>. 



(i»P, 

- /•«! 


rf®P, 

-/•!>. 



-/•Fa 

d*p. 

-/*D, 


d*p. 

-/‘D. 


rf‘r>* 

- /‘Fa 


rf‘p. 

-/‘D. 


rf*p. 

-/‘l>a 



d»P, 

-/‘I), 


d‘D, 

- e’I>a 

6*P, 

- d*8, 


d*S, 

-/‘D. 


6‘P, 

- rf‘S, 



rf>D, 

- «»t>, 


-/‘I>. 


rf*P, 

-/‘F, 



1 d«D, 

- e»l)a 

1 d‘P, 

-/‘F, 
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A Int 


3020 Ofi I 10 

3021 >2 — 

3036 06 I 0 

3064 27 

3074 JH I 10 

3075 27 ' — 

3076 86 I 

3087 11 ' 3 

3089 70 2 

3091 87 -> 

3092 20 2 

JI06 03 1 

3116 04 3 

3147 81 8 

1149 30 4 

3102 74 t, 

3169 49 1 7 

3174 08 I 8 

3180 10 1 7 

3202 84 I 4 

3269 91 

3282 09 3 

3301 13 I 4 

3321 03 6 

1313 07 7 

3380 12 3 

3416 17 1 

3433 93 (I 

3434 93 1 

3442 99 2 

3447 06 6 

3468 71 2 

3474 90 t 

3477 48 1 

3488 07 0 

3026 OO 1 

3526 03 4 

3027 98 4 

3028 81 7 

3044 86 2 

1331 OK 7 

3062 43 10 

3387 08 2 

3087 00 3 

3000 71 7 

3618 26 2 

3620 32 2 

3627 13 1 

3648 41 1 

3660 05 2 

3669 20 0 

3688 86 6 


Table X — (continued) 


('ombmiitlonR 


33081 4 
12722 8 
12618 1 
32519 I 
32307 1 
12492 3 
32381 0 
12102 6 
32313 0 
12331 7 
12186 6 
12081 6 
11709 2 
31741 0 
11608 9 
31562 4 
11497 7 
11387 1 
31211 1 
30573 3 
10461 3 
1028 1 3 
lOlOl 1 
29995 0 
29528 4 
2826 1 7 
29111 1 
29104 9 
29037 8 
28998 7 
28821 1 
28769 6 
28749 6 
281.72 1 
28354 9 
28303 0 
28318 1 
28310 4 
28202 8 
28151 7 
28063 2 
27871 2 
27806 0 
27704 3 
27631 7 
27576 2 
27562 0 
27401 4 
27115 0 
27246 2 
27101 8 


(dn\ -f*i\ 
\6*P, 


'/‘lb -/‘bj 
rf‘D, - e‘P, 
,1*1)., e‘P, 


'/‘I'j /‘F, 

on>3 - rf*p» 

<i*Dt - , ‘P, 
lj*v. - rf*P, 
rf ‘D, - . *P, 


/ * * 1 ', - d n>, 

\d‘D3 .•‘p, 

b ‘P, - d ‘P, 
6<P, - d*\\ 
rf*D, - e<P, 


I 


j .•‘P, - <l‘s, 

I d n*. - «p 3 


d *p. f ‘pj 


r *P, - rf H’j 
' rf*P, e*P. 

I </*p, -f*r, 
b ‘P, - d ‘Uj 
6‘Pj - d‘D, 

' f6«P, --f*P, 

\r ‘P, - d ‘P, 

h *P^ - d «I>, 

' /6n>, 

r *P, - d ‘P, 
rf‘P, - e‘P, 

I h*P,~d ‘D, 
5*P, - d*Di 


d'D, - e»D, 
b »P, d *D. 

d D, f *1’, 


} 


b P, - rf'-I*. 

d'l’, 
6>Dj - d«P, 
(/»P, -e*D 
rf»P, - e>TJj 
d=P, -/‘P, 
d*P, -«»P, 

d Tj - e >1), 


r P, d*l\ 
0«P, - d*r)3 
rT, - d»P, 
fc*P, d*])3 
dH\ - f "P, 


d»P f-'Pj 
fc»lA. - d*V, 


i P, - d'P, 
h>¥, - d«D, 
d»P, - e^P, 
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« fruni my oimourementa ftud those marked with 
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Table XI -ClaasiBed Lines of Br+ 


Combinations 

A Int 

Triplets 

2366 37 2 42247 4 »P. 

2370 20 3 42177 6 

2423 OS 1 41244 1 

2429 17 1 4110S 1 

2468 96 2 40649 0 *P„ - ’S. 

2471 30 1 40463 1 

2491 12 4 40130 8 M*. “11, 

2403 60 4 40000 6 

2621 84 6 39644 0 

2629 48 4 39623 4 “I*, “P, 

2601 54 4 38428 8 “P, - “P, 

2626 13 1 38066 1 “P, •!>„ 

2706 04 2 36968 3 

2726 07 3 36676 2 “P ->1>, 

2769 71 2 36094 8 

2787 00 2 36802 8 

2843 69 2 36167 9 “I* - ’I) 

2934 73 1 34066 6 >P, - *11, 

2943 33 2 33966 7 >P, “D, 

3041 09 0 32874 8 “P, - “U, 

3088 64 1 32368 2 »P„ - *1), 


Table XII —List of Seru s Lines of 


A. Int v,ar Transition 


2N,{0,<-0.) 

2437 20 1 41018 2 >S, - “P, 

2293 41 3 43690 I “H, - »P, 

2N, (N,*- 0,) 

2770 62 4 36084 2 »D, - “P, 

2820 83 4 36440 9 - 'P, 

2983 24 1 33611 7 •», - “P, 


Summary 

The ImcB of bromine in the different stages of ionisation (from Br^ to Br+*'^) 
have been classified by using the data of L and E Bloch and those given m 
Kayser’s “ Handbuch der Spectroscopie ” Additional data have been 
obtained by the author in the region X 4200 to X 7'iOO, and assigned to Br’^"*' 
Rough values of the ionisation potentials of Br+ and Br'*'+ have been obtamed 
They are 19 1 and 25 7 volts respectively The classification illustrates m 
a very convincing way the utility of the extension of the irregular doublet law, 
and the horitzontal comparison method of Saha and Majumdar 

In conclusion I wish to express my smeere thanks to Prof Meghnad Saha, 
D Sc , F R S , for his advice and guidance in this work 
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The Kinetics of the OxidcUion of Gaseous Benzene 
R Fort and 0 N Hinshelwood, F R 8 

{Received January 28, 1930 ) 

Inlrodiiclion 

Th( comparatively few exothermic gaseous oxidation reactions wluch have 
been investigated kinetically nearly all exhibit interesting pecubaritics of 
behaviinir connected with the existence of the “ chain ” mechamsm The 
oxidation of hydrocarbons is an example to which considerable attention is at 
present lieiiig given The rate of oxidation is sometimes retarded by an 
increase in the surface of the containing vessel — a fact which points directly 
to the existence of reaction chains -and the relation between the rate and the 
concentrations of the gases is often a remarkable one Thus ethylene is 
oxidised at a speed which is relatively little affected by the oxygen concentration 
but depends upon a high power of the ethylene concentration * Similar 
lelations hold good for acetylene f Tt seemed, therefore, of interest to study 
the oxidation of gaseous benzene, partly to ascertain what would be the 
behaviour of a hydrocarbon of a quite different kind of structure, and partly 
because benzene is a substance of inherent chemical importance 

The results indicate that the oxidation of benzene is a homogeneous reaction 
in which chains play a part, though not so important a part as, for example, 
in the combination of hydrogen and oxygen Kmetically the reaction resc mbles 
the oxidation of etliylene m many respects In particular, rapid oxidation 
both of benzene and ethylene is markedly favoured by a high concentration of 
the hydrocaibon, and, other things being equal, bva high vatio of hydrocarbon 
to oxygen From this it appears that the primary product of oxidation gives 
rise to chains by reaitmg with more hydrocarbon, hut not so rcadilv by 
reactmg with oxygen 

This result, which may bi of some general significance, suggests that it would 
be interesting to investigak* the oxidation of a substance already containing 
oxygen m its molecule The oxidation of methyl alcohol vapour is therefore 
being studied 


* Thompson and Hinshelwood, ‘ Roy Soo Proc ,’ A, vol 125, p 277 (1929) 
t Kiatiakowsky and Lenher, ‘ Nature,’ vol 124, p 761 (1929) 
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Method of Ex-penment 

The method of experiment was similar to that which has already been 
desenbed in connection with previous investigations * Vapour from a small 
bulb containing pure liqmd benzene and pure oxygen from a gas-holder were 
admitted at known pressures to a vesbil of porcelain or silioa, provided with a 
mercury manometer, and maintained by an electric furnace at a carefully con- 
trolled temperature in the neighbourhood of 500° C , a here the reaction 
velocity 18 conveiuently measurable The change of pressure at different 
times was then observed When desirable, samples of the reaction products 
were withdrawn into gas holders and transfeireil for analysis to a “Bone 
and Wheeler ” apparatus 


The Products of Oxidation 

The final products consist principally of steam and taibon monoxide with a 
smaller proportion of carbon dioxide In the hght of Bone’s risearchesf on 
oxidation of ahphatic hydrocarbons the gicat pic ponderanc-e of carbon mon- 
oxide over the dioxide siiggc sts strongly that the last stage of the reaction is 
the decomposition of formic acid, which at these temperatures decomposes 
more rapidly than it is oxidised (Direct oxidation of carbon monoxide is 
slow ) This decomposition of formic ac id is also the 6nal stage in the oxidation 
of ethylene and acetylene 

In Table I (p 220) it is to be noted that the pioportion of carbon monoxide 
18 somewhat, but not gicatly, decn ased by using a greater ratio of oxygen to 
benzene Little or no decomposition occuircd in the unpacked bulbs when the 
benzene was heated without oxygen, but the small amounts of “ residue ’’ are 
probably methane formed by a complex senes of side decompositions Small 
amoimts of condensation products were observed, but no caibon The 
possible intermediate stages of the oxidation will be referred to later, but it 
may be said here that livdroxylation of the double bonds may be assumed to 
occur, followed by rapid further oxidation of the open chain unsaturated 
compounds so produced to a substance like glyoxal The remaimng stages 
would then be analogous to the oxidation of acetjlcncJ 

niO (^D + HCHO CO + H ('OOH H,CO, 

1 I I 

OHO ('() -}- Hj,0 OO 2 IlaO 

* ‘ J Chem Soc ,’ vol 126 p 393 (1924) , Roj Soo Proc ,’ A, vol 111, p 245 (1926) , 
vol 118, p 170 (1928) 

t Flame and Combustion m Gases,’ Bone and Townend (1927) 
i Bone and Andrew ‘ T Chem Soc ,’ vol 87, p 1232 (1906) 
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Course of the Reaction 

When the benzene and oxygen are admitted to the reaction vessel the 
pressure changes only very slowly at first, but after an apparent period of 
induction it rises rapidly The behaviour is shown by the following typical 
examples 

Table II 


62 r 

i ,H, 100 mm 
O, 305 mra 


Time 


lucreasv of 
prossure m mm 


Time 


InoreaBO of 
pressure in mm 


8 

9 

12 

14 


20 

20 

23 

J4 

5 

6 


0 0 

I 15 

5 17 

8 11 

II 30 
1) 50 

10 30 

10 56 

11 58 

12 45 

n 36 
14 42 
16 12 
18 0 
20 32 
25 10 


I 


The existence of the “ induction pi nod is not so much due to an imtial 
inhibition of the oxidation as to the fact that the first oxygenated products are 
formed without any pressure increase, and only the subsequent stages of the 
reaction are shown on the manometer This was shown in the followuig 
way 

100 ram benzene vapour mixed with 250 mm oxygen and 260 mm mtrogen 
were admitted to the reaction vessel at 517® and allowed to react until the 
pressure had increased by 4 per cent of the total change expected The pro- 
ducts were withdrawn through a U-tiibe cooled m soUd carbon dioxide to 
remove benzene, and analysed The percentages found were referred back 
by means of the nitrogen percentage to millimetres in the reaction vessel 
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11 4 per cent of the original oxygen had disappeared, and carbon monoxide 
and dioxide had been formed to an extent accountmg for about 60 per cent 
of this oxygen The formation with decrease of pressure, of some intermediate 
product contaimng oxygen therefore compensated largely for the increase due 
to tlie production of the oxides of carbon This may also explain the phenohe- 
smell which was often observed, but since the partial pressure of this inter- 
mediate substance was estimated not to exceed about 5 mm at normal tempera- 
ture, mvestigation of its nature was deferred Further experiments for its 
identihcation are being made with a different form of apparatus In the 
meantime it suffices from the kinetic point of view to know that there is pnmar> 
oxidation to a product which is possibly phenolic but which does not accumulate, 
lieing rapidly oxidised further by a mechanism resembling the oxidation of 
ethylene and acetylene 


Injluem^ of Ike ConcetUrattom on the Rale of Oxidation 

For a given ratio of benzene to oxygen the late of oxidation me reuses in a 
remarkable manner with the pressure The length of the ‘ induction period ” 
IS however, less influenced than the subsequent stages It will be enough 
to give some typical hgures referring to the central stages of the reaction 
In all the following tables tjj, etc , represent the times required for the 
pressure to increase by 10, 20 per cent , etc of the total increase corresponding 
to complete reaction 


I’rPHSUi'd of benzene 


Presouro of oxygon 


The order of reaction,” calculated in the usual way from these figures 
vanes from 3 to over 4 This does not mean that each prunary act of chemical 
change depends upon the collision of three or four molecules, since the order 
18 not constant and is also improbably high for a simple gaseous reaction 
The explanation is probably that we are deahng with a chain reaction, 
and the ” high order ” depends upon the product of several probabilities m 
the following way The primary act imtiating th< chain may depend on the 
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square of the pressure, and the probability that the chain shall be continued 
vanes with the pressure again according to a complex law 
The concentration of benzene is much more important than that of oxygen 
Its influence is shown by some of the curves m the figure Many senes of 
experiments were made The considerable amount of numerical data are 



difficult to reproduce, and only summaries will be given The method of 
summarising will first be illustrated by an example Curves are plotted for all 
the experiments in the senes Tin times required for the icaction to reach 
certain definite stages are then tabulated as follows 


Initial oxygen pri ssure constant — dOO mm 


Initial 
pressuro of 
benzene 

Total pressure 
increase at 
oonipletion 

lime 

111 niiiiiiles for the latcnat 


0-20 
per cent 

20-40 
per ceiK j 

4l)-0(l 
p. 1 ot.nl 

I 

1 00 -80 

1 per cent 

i"m 

1 

13« 

6 0 

0 55 

0 50 

1 0 85 

100 

! 128 

8 1 

2 35 

2 10 

3 65 

50 

8S 

12 4 

6 25 

5 30 

0 45 
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Taking all the intervals for the 160 mm experiment as unity the following 
table of relative values is drawn up — 


Relative 

benzene 

pressure 

Relative times 

Average ' 
excluding 
0-20 
per cent 

Relative 
reciprocal 
of average 
time 

0-20 

20-40 
per cent 

40-60 
per cent 

60-80 
per cent 

3 

1 

1 

1 

1 

1 

10 4 

2 

1 62 1 

4 27 

4 20 

4 30 

4 26 

2 46 

1 

2 48 

9 65 

10 00 

11 1 

10 4 

1 


It will be observed that, after the first, the ratios for each interval are nearly 
enough the same for them to be averaged A threefold change in pressure thus 
produces a tenfold change m the time except for the first interval, in which 
only a 2 6-fold change is produced These expenments were made in a porce- 
lain bulb A second senes made m a sihca bulb at the same temperature, 
627®, yielded almost identical results 


Initial oxygen pressure = 300 mm 


Imtial pressure of benzene, mm 
Relative reciprocal times for 

160 

126 

100 

76 

interval 0-10 per cent 

Relative reciprocal times for aver 

3 9 

3 9 

2 6 

1 2 

age of later intervals 

10 2 

5 7 

^ * 

2 3 


The influence of oxygen is a httle more compUcated, and depends upon the 
benzene pressure With 100 mm benzene at 627° the following results were 
obtamed - 


Pressure of oxygen, mm 

460 

400 

300 260 

200 

Relative reciprocal times for average 
of intervola 20-40 per cent , etc 

0 79 

0 61 

0 46 0 61 

1 


Thus at first addition of more oxygen has virtually a retarding influence, 
which, however, is later followed by an accelerating influence Since the rate 
of reaction is very sensitive to the benzene concentration, the imtial retardation 
by oxygen is probably to be regarded as a function of the reduction m the 
ratio CjHa/Oj rather than of the absolute increase m the oxygen For practical 
reasons the highest pressure of oxygen in the above series was only 4 5 times 
that of the benzene With 60 mm benzene and ratios up to 10 it could be 
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shown that there was a steady increase of rate with oxygen pressure at the 
higher ratios 

PresBure of oxygen in mm 500 1 400 300 200 100 

Kelative rociprocal times 05 52 40 16 1 

The influence of oxygen pressure on the “ induction period ” was much 
smaller than the above 

These results suggest that as in the oxidation of ethylene the primary oxida- 
tion product gives rise to chains if it encounters more hydrocarbon, but to 
non-chain oxidation if it reacts further with oxygen 


Influence of the Surface of the Veisel and the Presence of 
Foreign Gases 

The rate of reaction is nearly the same m porcelain and in silica bulbs, 
and also in a sihca bulb filled with cylmdrical tubes with a surface several 
times greater 


Peroentage change 
Time in porcelain bulb (minutes) 
,, silica bulb 
,, tube packed silica bulb 


5 

4 2 


3 8 


9 70 
10 4 
10 16 


60 

11 65 

12 7 
12 4 


14 3 
16 2 

15 6 


The “ induction period ” is somewhat shortened by the packing, but other 
wise the surface has very bttle influence Thus we may conclude that the 
part played by the walls in breaking chains is a small one, and that therefore 
the chains are probably short 

When a sihca bulb was used which was completely filled with small spheres 
of silica possessing a very large suiface indeed, an abnormal reaction pre- 
dominated The results were erratic , there was decomposition of the benzene 
the proportion of carbon dioxide was increased (Table I), and the total rate of 
reaction was decreased, temperatures about 40“ higher having to be employed 
to obtain rates comparable with those found m the other bulbs 
The influence of foreign gases on the rate of combination of hydrogen and 
oxygen is very marked indeed In the reaction of ethylene and oxygen theix 
influence is very much smaller With benzene and oxygen the addition of an 
equal volume of mtrogen or argon caused an acceleration of about 20 per cent 
only 


von. oxzvn — a 
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Influence of Temperature 


Except for the induction penod all parts of the curve are affected by tempera- 
ture to the same extent Therefore the tunes required for the change to proceed 
from 20 to 80 per cent are typical of the whole curve For 100 mm C«He 
and 300 mm Oj we find - 


Temperature 


3 8 I 60 

4 1 2 87 

7 1 6 00 

9 8 ' 10 3 

Id 3 18 0 


When log t^o-so is plotted against l/T.bn the values be fairly accurately on 
a straight line, the slope of which corresponds to a “ heat of activation ” of 
81,000 calories Ihe values give 51,000 calories onlj For the corre- 
sponding experiments with 100 mm benicene and 450 mm of oxygen the 
values are 82,000 calones and 50,000 calories respectively With 75 mm 
benzene and 225 of oxygen the <.o -80 Ime is curved, corresponding to a value 
of the “ heat of activation ” roughly equal to that for the otlier curves at 
higher temperatures and falling markedly at lower temperatures 

These values of E, the Ik at of activation, are illuminating A bimolecular 
or termolecular reaction which could proceed at the speed of the benzene 
oxidation in the same region of temperature would not have a heat of activa- 
tion greater than about 50,000 calorics, unless it depended on a chain 
mechanism * The B corresponding to the induction period is actually of this 
order of magmtude The much greater value corresponding to the later 
stages can anse in two ways Either it represents the true heat of activation, 
the acquiring of which at the necessary rate by the molecules becomes possible 
owing to the existence of chains of great length , or it is only an apparent 
value, expressmg the fact that not only the pnmaiy rati of reaction increases 
with temperatures, but also the chain length This latter factor may vary 
from a number of causes, including the existence of “ secondary ” activation 
as postulated by Semenov f From the small influence of the surface on the 
rate of reaction it seems probable that the chains are not of groat length Thus 

* Hinshelwood, ‘ Kinetics of Chemical Change in Gaseous Systems,’ 2nd od , chap 3 
(1929) 

t ‘ Z Phys Chem ,’ B, vol 2, p 161 (1929) 
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the second hypothesis is to be preferred, namely that the abnormal tempera- 
ture coefficient of the mam stages of the reaction depends upon a variable 
cham length 

Summary 

The oxidation of gaseous benzene is a predominantly homogeneous reaction 
The first products are formed without pressure increase, and then oxidised 
further, by a mechamsm rather tloaely resembling the oxidation of ethylene 
or acetylene, probably to glyoxal, formaldehyde and formic acid The final 
products are steam and carbon monoxide with a smaller proportion of carbon 
iboxide 

The rate of reaction varies according to a high power of the benzene con- 
centration , and a high ratio of benzene to oxygen favours rapid oxidation 
Over a certain range, increase in the oxygen concentration may retard the 
reaction, though in another range the rate increases with thi* oxygen concen- 
tration 

It appears probable that comparatively short reaction chains are propagated, 
the variation in the length of which gives rise to the abnormal influence of 
temperature and pressure on the velocity From the much greater sensitivcnosK 
of the rate to benzene concentration than to oxygen concentration it is con 
clbded that chains are propagated more readily when the initial oxygenated 
product encounters another molecule of hydrocarbon than when it is oxidised 
further by oxygen These results are analogous to those found in the oxidation 
of ethylene, and have suggested the investigation of the oxidation of a substance 
such as methyl alcohol, already containing oxygen in its molecule 
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The Conductivity of Thiocyanates in Methyl Alcohol 
By Augusta Unmack (Ramsay Memorial Fellow), D M Murbay-Rust, and 
Sir Harou) Hartley, P R S 

(Received February 6 , 1930 ) 

This investigation is a continuation of the work of Frazer and Hartley* on 
the conductivity of imi-umvalent salts in methyl alcohol, which dealt mamlj 
with the hahdes and mtratcs of the alkah metals The thiocyanates are a 
particularly important class of salts in the investigation of non aijueous 
solutions, as the thiocyanates of the alkali metals are soluble in a number of 
solvents, while many of the corresponding salts of other acids are too spaimgly 
soluble to admit of mvestigation They thus afford an opportunity of com 
paring the behaviour of ions of the alkali metals in various solvents and of 
dctermimng their mobihties The thiocyanates of many of the divalent metals 
are soluble also, but their preparation in an anhydrous condition is much 
more difficult 

Since the publication of Frazer and Hartley’s paper Onsager has modified 
the Debye Huckel theory of the conductivity of electrolytes by taking into 
account the Brownian motion of the ions, thereby bringing it into much closer 
agreement with experimental results In water the agreement is good both 
for um-umvalent and di-univalent electrolytes, and Onsager used Frazer and 
Hartley’s results to show how well his equation represented the behaviour 
of um-univalent electrolytes in methyl alcohol t In this solvent, however, there 
are systematic deviations between the calculated and observed values of the 
conductivities, which indicate that association between the ions increases 
with the atomic number of the alkali metal This has been confirmed by the 
results desenbed m this paper and an explanation is discussed later 

The results wo have obtained with umvalent cations are in general agreement 
with Onsager’s theory, and with the exception of lithium they confirm thi 
values for the mobihties of the ions found by Frazer and Hartley The thio- 
cyanates of the divalent metals show much greater deviations from theorj 
and it 18 clear that a considerable amount of association occurs even m very 
dilute solutions of the alkah earth metals, while the thiocyanates of zinc and 
cadmium behave as weak electrolytes in methyl alcohol 

* ‘ Roy Soo Pro© A, vol 109, p 361 (1926) 
t ‘ Trans Faraday 800 vol 23, p 341 (1927) 
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Preparation of Materials and Solutions 
Methyl Alcohol — This was prepared as described by Hartley and Raikcs* , 
the water content, determined by viscosity measurements, was usually less 
than 0 05 per cent 

Salts The thiocyanates of the alkah metals were prepared from the 
carbonate or fiom a solution of the hydroxide by boihng with a solution of 
ammonium thiocyanate , the divalent thiocyanates were prepared from the 
carbonates either by this method or by treating them with a dilute solution of 
thiocyanie acid This was freshly prepared before use by distilhng a mixture 
of GO grams of potassium thiocyanate m 100 c c of water and 250 o c of a 
26 per cent solution of phosphoric acid (sp gr — I 15) m hydrogen under a 
presstiiL. of about 20 mms As some of the thiocyanates show signs of decom- 
position when heated in air, all the salts were dried to constant weight out of 
contact with air 

Lithium thiocyanate was prepared from pure hthmm carbonate, the con- 
centrated aqueous solution being allowed to crystallise m an evacuated desic- 
cator over phosphorus pentoxidc It was dried to constant weight in mtrogen 
at 110" C m a Richards bottling apparatus 
Sodmm thiocyanate, prepared from the carbonate, was recrystallised either 
from methjl alcohol or from acetone and dried in mtrogen at 110® C 
Potuiiium thiocyanate was prepared from a B D H sample by reorystaUisa- 
tion from ethyl alcohol and was dried to constant weight at 110® C m nitrogen 
Rubidium Thiocyanate — A solution of rubidium hydroxide was prepared by 
treating a solution of the chloride with excess of silver oxide The solution was 
filtered and boiled with a solution of ammomum thiocyanate The rubidium 
thiocyanate was recrystallised from ethyl alcohol and dried in an evacuated 
desici ator over phosphorus pentoxide 

Caesium thiocyanate was prepared from the carbonate, recrystallised from 
methyl alcohol and dried in mtrogen at 110® C 
Ammonium thiocyanate was prepared from a B D H sample by recrystal- 
lisatioii from ethyl alcohol and was dried in an evacuated desiccator contauung 
phosphorus pentoxide and caustic potash 
Barium, strontium and zinc thiocyanates were prepared from the carbonates 
and dried m mtrogen at 110° C 

Calcium, magnesium and cadmium thiocyanates decompose on heatmg and 
were dried to constant weight in vacuo over phosphorus pentoxide It waa 


‘ Trans Chem Soo p 624 (1926) 
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not found possible to obtain anhydrous samples of calcium and magnesium 
thiocyanates by this method The salts were analysed when constant weight 
was reached and were found to have the compositions Ca(CNS)2 2HjO and 
Mg(CNS), 4H/), and samples of this composition were used for making the 
solutions The amount of water added to the solvent by this procedure is 
neghgible m dilute solutions 

All solutions were made up by weight, the concentration bemg checked by 
titration with silver nitrate after each senes of measurements m order to make 
sure that no decomposition had taken place 

Measurement of Condvetwity 

The experimental procedure was the same as that described by Frazer (loc 
cU ), except for the modifications in the measurement of resistance described 
by Murray-Rust and Hartley* successive additions of salt solution were 
made to a known weight of solvent contained m a cell of the pattern described 
by Hartley and Barrett f The resistance was determined after each addition 

Expenmental Rf suits 

The following table gives the values of the equivalent conductivity at various 
concentrations The values of the concentration in gram equivalents per 
litre were calculated by assuming the density of the dilute solutions to be the 
same as that of the pure solvent, D*i» — 0 780 i The cell constant, deter- 
mmed by measuring the conductivity of aqueous solutions of potassium chloride 
at 18° C, was 0 034 II7 The solvent correction was applied by subtracting 
the specific conductivity of the solvent from that of the solution m each case 

Different samples of salt were generally used for the vanous series of measure- 
ments as shown in the first column of the table , if the method of drying 
differed from that described above, it is mentioned This column also 
gives the mean values of Aq and x for those salts which obey the relation 
Ar= A„-~xVc 

Column 2 gives the specific conductivity of the solvent m reciprocal 
megohms , column 3, the value of t x 10* where c is the concentration in 
gram equivalents p r litre , column 4, the value of lOOV c , column 5, the 
observed equivalent conductivity, , column 6, the difference, D, between 
the observed value of A« and that calculated from the given values of Aj 
and X 

* ‘ Roy 80 c Proc ,’ A vol 126, p 84 (1929) 
t ‘ Tnuia Chem Soo p 789 (1913) 
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k 

ex 10* 

lOOVe 

A, 

D 

Litktum ikiocyaiuUt — 






Sample 1 

0 061 

0 7783 

0 882 

09 64 

-0 03 


1 4668 

1 211 

98 67 

-0 06 



2 6917 

1 641 

97 65 

-0 10 



4 5650 

2 137 

96 19 

-0 21 



6 3715 

2 624 

95 33 

-0 09 



8 8561 

2 976 

94 33 

+0 06 

Sample I 

0 044 

0 9030 

0 950 

99 21 

-0 19 

1 8978 

1 378 

98 20 

-0 11 


3 5180 

1 876 

96 93 

-0 11 


1 (I 3082 

2 612 

96 30 

-0 14 


1 8 8482 

2 976 

94 18 

-0 04 


11 7016 

3 421 

03 03 

-0 11 

Sample II 

0 044 

1 8376 

1 360 

98 47 

+0 09 

(Dn^ over P|0, Conoentration 


3 2358 

1 799 

97 31 

+0 06 

determined by titration.) 


0 6968 

2 668 

96 37 

+0 09 

1 11 2383 

3 362 

03 48 

+0 16 


1 15 3451 

3 917 

92 17 

+0 28 

Addition of 0 22 per oent water 

' 15 312 

t 913 

91 86 

~ 

A, = 101 8 
* =. 253 

i 




Sodtum thtoeyanale — 






Sample I 

0 042 

1 6894 

1 261 

103 80 

i-0 02 


3 2950 

1 816 

102 31 

-0 06 



6 4667 

2 336 

100 90 

-0 14 



8 7216 

2 963 

90 37 

-0 10 



11 8988 

3 449 

98 20 

-0 01 



10 4174 

4 062 

06 67 

0 00 

Sample 11 

0 058 

1 4695 

1 208 

103 96 1 

+0 03 


1 1130 

1 764 

102 61 

+0 01 



6 6004 

2 367 

lOO 96 

-0 01 



8 9475 

2 991 

99 34 

-0 03 



12 3223 

3 510 

08 03 

-0 02 



17 7114 

4 208 

90 46 

+0 18 

Sample I (recrystaHued) 

0 058 

1 7222 

1 312 

103 80 

^ 0 14 


3 3886 

1 841 

102 40 

+0 09 

A, = 107 0 


6 9312 

2 436 1 

100 88 

+0 09 

X = 265 


9 0128 

3 100 

99 12 

i-0 03 



13 0618 

3 607 

97 84 

f-0 04 



17 6156 

1 4 197 

96 70 

-t-0 40 

Potaasium lk%ocyantUe — • j 






Sample I 

0 086 

1 2218 

1 105 

111 46 

-0 10 

, 2 5435 

1 596 

110 24 

f 0 02 



4 9292 

2 220 

108 67 

+0 03 



7 7231 

2 770 

107 05 

+0 03 



11 9297 

3 464 

105 23 

+0 03 

Sample 11 

0 110 

1 4001 

1 183 

111 23 

-0 11 


2 4813 

1 675 

no 20 

-0 08 



4 2067 

2 061 

108 95 

-0 04 



6 2465 

2 499 

107 76 

-0 03 



8 6186 

2 910 

106 73 

-0 08 



11 6718 

3 416 

106 37 

-fO 06 
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k 

e X 10« 

lOOVe. 

A. 

D 

Potaanum thiocyanate — (oontd ) — 






Sample 1 

0 043 

0 7510 

0 867 

112 14 

-0 06 

(Dned over P,0, »n vaeva) 


1 4376 

1 199 

111 28 

-0 01 


3 2796 

1 811 

109 66 

+0 01 

A. » 114 6, 


6 3677 

2 316 

108 30 

+0 02 

X -^268 


7 1821 

2 680 

107 29 

0 00 



9 3760 

3 062 

106 27 

+0 01 

Rubidtum thiocyanate — 






Sample I 

0 040 

0 7821 

0 884 

116 76 

-0 10 


1 6829 

1 264 

114 82 

-0 03 



2 9200 

1 709 

113 57 

-0 06 



4 0107 

2 216 

112 16 

-0 08 



6 8124 

2 610 

111 12 

-0 06 



9 8436 

3 067 

109 80 

-0 17 

Addition of 0 6 per oent watei 


9 298 

3 049 

108 43 

- 

Sample I 

0 033 

0 0616 

0 743 

116 05 

-0 19 


1 6248 

1 276 

114 72 

-0 07 



3 6080 

1 023 

113 00 

-0 03 



6 3634 

2 314 

112 07 

+0 09 



7 3676 

2 714 

111 04 

■fO 14 



10 4866 

3 238 

100 63 

-i-0 16 

Sample 11 

0 033 

1 2723 

1 128 

116 37 

4-0 18 


2 6190 

1 687 

114 09 

4-0 14 

A, - 118 2. 


4 8700 

2 207 

112 35 

+0 08 



7 8074 

2 794 

110 68 

0 00 

X =. 271 


10 6600 

3 261 

109 60 

-0 06 



14 7666 

3 843 

107 83 

4-0 01 

Catnum thiocyanate — 






Sample I 

0 042 

0 8002 

0 896 

120 42 

-0 06 



1 6848 

1 269 

no 30 

-0 07 



2 9876 

1 729 

117 94 

0 OO 



4 6641 

2 137 

lie 64 

-0 06 



6 3271 

2 616 

115 48 

-0 07 



8 0478 

2 991 

114 07 

-0 04 

Sam];Je II 

0 027 

0 7423 

0 862 

120 46 

-0 09 


1 4094 

1 187 

119 69 

0 00 



2 6006 

1 681 

118 43 

4-0 04 

A, » 123 2 


6 0436 

2 246 

116 46 

4-0 09 


6 6427 

2 668 

116 44 

-1-0 02 

X = S04 


8 6794 

2 046 

114 33 

-1-0 09 

Ammonium thiocyanate — 






Sample 1 

0 034 

1 7786 

1 334 

116 11 

-fO IS 


3 4966 

1 870 

113 67 

4-0 09 



6 8062 

2 609 

111 60 

-1-0 08 



10 1066 

3 179 

109 93 

-fO 10 



12 6320 

3 040 

108 90 

4-0 08 

Sample 11 

0 030 

1 1032 

1 060 

115 70 

-0 08 


2 6661 

1 601 

114 16 

-0 08 

A. = 118 7 


6 2040 

2 281 

112 80 

-0 04 



8 4962 

2 014 

no 39 

-0 18 

X - 279 


11 3791 

3 373 

109 23 

-0 06 
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Ao 


D 


Calctum thxocyanaie — 

Sample I 

(I>nod in nitroKon at 110° Slight 
decompiiMitioti , concentration 
determined by titration) 


0 053 


2 310 

3 880 
0 815 

10 800 
16 016 
21 024 


1 620 

1 072 

2 611 
3 300 

3 876 

4 682 


100 80 
94 68 
87 11 
80 30 
75 66 
70 22 


Sample II 0 oil 

(Ca(CNS), 2H,0) 


AdcUlioii of 0 15 per cent water 
Ao =122 (approx ) 


Slronlium lkto(yanate— 
Sainjilo I 


1 4771 

2 7974 
6 6787 
8 6437 

12 0246 
17 3611 
17 336 


1 2021 
2 4666 
4 1672 
7 2636 
0 7491 
12 6060 


1 216 

1 673 

2 362 

2 040 

3 468 

4 167 
4 164 


I 137 

1 667 

2 041 
2 606 

3 122 
3 636 


106 42 
08 87 
00 11 
83 02 
70 06 

73 60 

74 63 


110 80 
106 34 
101 63 
05 44 
91 76 
88 66 


Sample 11 

Ao = 122 (approx ) 


Baritim Ihux yanati. — 
Sample I 


0 001 


0 041 


3 

5 

7 

10 


0201 

7331 

3746 

4434 

3404 

0600 


1832 I 

3610 1 

0062 2 

6311 2 

2397 3 


28 

71 

47 

64 

13 

31 


113 65 
100 62 
103 29 
90 20 
96 68 


Sample I (recrystalliscd) 


0 053 


0 4048 

1 1073 

2 0649 
1 6037 
4 0660 
7 1208 


0 703 

1 062 
1 437 

1 014 

2 226 
2 668 


116 46 
113 72 
110 32 
106 16 
103 47 
99 86 


Sample 11 


Ao •= 122 6 (approx ) 


0 068 


0 4382 

1 2762 

2 7190 
6 0646 
6 0691 
8 7760 


0 662 
1 120 

1 640 

2 248 
2 464 
2 963 


116 46 
112 92 
108 40 
103 10 
101 47 
97 66 


MagnMtum thiocyanate — 
pit 1 


0 063 


1 1127 

2 2530 
4 8601 
8 6740 

11 6657 
16 2103 


1 055 
1 601 

2 205 
2 028 

3 399 

4 027 


08 82 
89 80 
78 73 
70 48 
66 34 
61 90 
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Dtacusnon of Results 


Um-umvalent Saks — The results plotted in fig 1 show that the fall m the 
equivalent conductivity is proportional to -y/c in accordance with theory 
Table II gives the values of Aj, and of “x" the observed slope of the 
conductivity curve, and also of the theoretical slope calculated from Onsager’s 
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equation, which for uni-univalent electrolytes in methyl alcohol at 25° C 
reduces to the form 

A, - - (0 967 Ao + 168 1) Vc 

The last column of the table (p 236) gives the values of A the percentage 
deviation of the observed values from theory , A = x 100 

The values for the chlorides and nitrates found by Frazer and Hartley are 
moluded in the table for purposes of comparison It will be seen that in each 
senes the value of “ x ” for the lithium salt is slightly less than the theoretical 
value, and that the difference between the observed and calculated values of 
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Table II 


Salt 1 

A,. 1 


! 

A 

Salt 

At 


Xoalc 

- 

LiCNS 

101 8 

263 

256 

- 1 

KCl 

105 0 

261 

258 

+ 1 

NaCNS 

107 0 

266 

280 

- 2 

RbCl 

108 6 

281 

262 

+ 7 

KCNS 

114 6 

268 

268 

0 

C*C1 

113 b 

293 

267 

+ 10 

RbCNS 

118 2 

271 

271 

0 






CaCNS 

123 2 

304 

276 

+ 10 

LiNO, 

100 2 

260 

264 

- 2 

NHjCNS 

118 7 

270 

271 

+ 3 

NaNO, 

106 4 

288 

260 

+ 1 





KNO, 

114 6 

346 

208 

t-29 

LiCl 

00 0 

224 

246 

- 9 

RbNO, 

118 1 

365 

273 

-4 30 

NaCl 

06 0 

230 

260 

- 8 

CaNO, 

122 9 

379 

276 

+ 37 


the slope increases with the atomic number of the metal, showing a greater 
tendency to lomc association in the case of the heavier cations 
Both Bjemim and Fajans have suggested reasons for lomc association such 
as we probably have to deal with there Bjerrum* has pointed out that if the 
radii of the solvated cations and anions are less than a certain limit, the 
probabibty of association to form aggregates which contribute nothing to the 
conductivity of the solution is greatly increased Fajanst from a more 
chemical standpoint has emphasised the increasing tendency to form com- 
plexes m the case of small cations and large amons, since these conditions are 
most favourable for the deformation by the cation of the electron orbits of 
the amon until a co-valent linkage is produced In the senes of salts of the 
alkali metals such as we are considering, it is easy to decide which of these two 
causes is operative, as on the Bjerrum hypothesis the fast moving caesium ion 
should show the greatest amount of association, while on the Fajans’ theory it 
should be the hthium ion, since in the unsolvated condition this is the smallest 
of the ions of the alkah metals In all three senes of salts the lithium ion 
appears to be the least associated, leading to the conclusion that in dilute 
solutions of methyl alcohol the size of the solvated ion is the factor which 
determines the ionic association, in accordance with Bjerrum’s view It is 
only fair to add, however, that in some other solvents the reverse behaviour 
18 found to exist, showmg that either mechamsm can be operative according 
to the nature of the solvent The relative importance of the two effects may 
also alter with change of concentration GhntelbergJ has shown that in 
0 1 N solutions of chlorides of the alkali metals m water, hthium chloride has 
the smallest activity coefficient mdicatmg the greatest lomc interaction 
* ‘ K. ZHuuke Vid Selsk Mat fys , vol 7. No 9 (1926) 
t ‘ Z Physik,’ voL 23. p 1 (1924) 

X * Z Phya Chem vol 123, p 199 (1926) 



Conductivity of Thiocyanates in Methyl Alcohol 237 


The Mobility of the Thiocyanate Ion — ^Values of Iq for the thiocyanate ion 
are given m Table III, the mobihties of the ions of the alkah metals being taken 
from the results of Frazer and Hartley and that of the ammomnm ion from 
measurements by us of ammonium perchlorate and mtrate which vnll be 
published short Ij 

Table III 


Ig (oation) 
CNS- 


LiCNS 

NaCNS 

KCNS 

RbCNS 

C^CNS 

NHgCNS 

n 

101 8 

107 0 

114 6 

118 2, 

123 2 

118 7 

39 0 

46 7 

63 8 

57 4 

62 3 

67 9 

62 2 

'* ‘ 

60 7 

60 8, 

60 9 

60 8 


The value of obtained from lithium thiocyanate is clearly too high and is 
omitted from the calculation of the mean value Lithium thiocyanate is 
extremely hygroscopic and therefore difficult to dry, and it is possible that 
shght decomposition took place during drying The mean value of the 
mobility of the CNS' ion calculated from the other results is 60 9 
Di-univalerU Salts — The results for these salts are shown in hg 2 The 
salts fall mto two groups the thiocyanates of barium, strontium calcium and 
magnesium, which are largely dissociated in dilute solution, and the thio- 
cyanates of cadmium and zinc, which are weak electrolytes The conductivity 
curves for the first group approximate to straight lines m dilute solutions and 
their slopes in this range are compared m Table IV with those calculated from 
the Onsager equation, which for di-umvalent salts in methyl alcohol at 25® C 
reduces to the form 


. + Aq) 

1 + ViAo/f/i® -f- Ao) 


Ao + ] 




where 1° is the mobility of the univalent ion 


Table IV 


Salt 

A. 

Wliatlon) 


*r*Io 

Mg (CNS). 

120 

69 

2000 

646 

C*(CN8), 

122 

61 1 

1400 

660 

Sr (CNS), 1 

1 122 

61 

980 

660 

B»(CN8), 

122 5 

61 6 

860 

663 
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The slopes are all much greater than the theoretical values, indicating that 
there is a considerable tendency to association, which decreases with increase 
of atomic number of the metal Table IV mcludes also approximate values 
for Aq for these salts and for the mobihties of the alkah earth metals obtamed 
from them, which agree within the limits of error with those found from the 
investigation of other salts The small number of experimental points in the 
short range of concentration over which the hnear relation is obeyed makes the 
extrapolation uncertain, and in the case of calcium and magnesium thio- 
cyanates it must be remembered that the solutions were made up with the 
hydrated salt There is a possibihty too that the results are compheated by 
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alcoholysis since the measurements of Bjerrum and Zechmeister* mdicate that 
the first dissociation constant of magnesium methylate in methyl alcohol is 
10“^, so that the second dissociation constant must be much smaller Also 
Murray-Rust and Hartley {loo cU ) have shown that thiocyanic acid has a dis- 
sociation constant of 0 45 10~* in ethyl alcohol, and by analogy with other 

acids it 13 probably weak also m methyl alcohol Nevertheless it is clear 
that the presence of the double charge on the divalent ion greatly increases the 
tendency to association m methyl alcohol 

The Change in Conductimty Produced by Small Quantities of Watci 
Small quantities of water were added to the cell at the conclusion of an 
experiment with a few of the salts, and Table V gives the resulting change m 
conductivity 

Table V 


halt 


1 

Per oont 
water 

Af before 
water addition 

Ar (corrected 
for dilution and 
viBOOsity change 
doe to water) 

Aj after 
water addition 

LIONS 

0 001034 

0 22 1 

92 17 . 

91 16 

91 SO 

RbCNS 

0 000934 

0 00 

109 80 

107 06 

108 43 

Mg (CNS). 

0 000132 

0 001060 

0 14 

0 20 

96 86 

62 37 

96 18 

01 60 

98 20 

60 16 

C»(CNS), 

0 001736 

0 10 

73 69 

73 14 

74 03 


The addition of 0 1 per cent of water increases the viscosity by 0 4 per 
cent and should therefore lower the conductivity by this amount if no other 
changes took place By comparmg the values of Aj m column 5, which are 
corrected for the dilution and the change m viscosity on addition of water, 
with the observed values in the last column, it will be seen that the small 
quantities of water lower the conductivity of the um-umvalent salts though 
to a lesser extent than would be accounted for by the change in viscosity 
With the two di-umvalent salts, however, the conductivity is raised consider- 
ably, indica ting that the degree of association w dimmished by the presence of 
a small amount of water 


* ‘ Bm DeutMh Chem Qea vol 66, p 8M (19*3) 
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G T Morgan 


Summary 

1 The conductivity ui methyl alcohol at 26° C of solutions of the thio 
cyanates of six univalent and six di valent cations has been measured over a 
range of concentration from 0 0001 N to 0 002 N 

2 The results for the umvalent cations, like those of Frazer and Hartley, 
are in good agreement with the Debye-HUckel-Onsager theory and indicate 
that in the senes of the alkaU metals the tendency to ionic association in dilute 
methyl alcohol solution increases with increasing atomic number 

3 The mobility of the thiocyanate ion is found to be fiO 0 

Wo wish to express our thanks to the Government Grants Committee of 
the Koyal Society, and to the Directors of Imperial Chemical Industries Ltd 
for grants which defrayed the cost of part of the apparatus used in this 
investigation 


Discussion on Catalytic Read urns at Ilufh Pressuri^ 

(Maiih 20, 1030 ) 

Prof G T MoaoAK The study of catalytic reactions under high pres 
sure began with the systematic development of orgamc chemistry and more 
especially m connection with the preparation of intermediates required in the 
production of synthetic colouring matters 

The General Use of Pressure m Chemical Synthesis 

Pressure is employed as an aid to chemical reactions for one or both of the 
following reasons — 

1 Pressure diminishes the volatihty of chenucal reagents, thus retaimng 
them m the hqmd phase even when the chenucal reactions mvolvod take place 
at temperatures above the boiling pomts of these reagents under atmosphenc 
conditions 

2 Pressure bnngs about a greater concentration of gaseous reagents, thus 
faoihtatmg their interaction, especially m those oases where chemical change is 
accompamed by a decrease m volume of the gaseous phase Chemical processes 
condheted under pressure are usually accelerated by raismg the tempera- 
tuih but by employing a catalyst it is often possible to avoid unduly high 
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temperatures The present survey refers exclusively to pressure reactions 
facilitated by catalysts 

I Catalytic Pressure Reactions mlh Volatile Liquids 

A famibar example of this tjrpo of reaction is the hydrolysis of fats and oils 
to glycerol and fatty acids by water under pressure Water alone will effect 
this hydrolysis, but at the high temperature required the fatty acids are partially 
decomposed The addition of about 3 per cent of a base, calcium hydroxide, 
magnesia or zinc oxide facihtates the change catalytically so that it occurs 
at much lower temperatures, such as 170° under a pressure of 8 atmospheres 
In this example the volatile reagent is water which acquires more intense 
chemical properties at high temperntures 

The two following examples of general reactions relate to the production of 
coal tar mtermediates 

1 Alkylation of Aromatic Amines — The alkylation of aioinatic bases is 
both of scientific interest and of mdustrial importance An outstandmg example 
IS the manufacture of dimethylamhne by heatmg aniline with methyl alcohol 
in the presence of a small amount of sulphuric acid This operation is con- 
ducted in large autoclaves at 230°, the pressure developed being 30 to 40 
atmospheres 

In this example both reagents may be regarded as volatile, although the 
high pressure attained is due mainly to methyl alcohol and to a gaseous by- 
product, dimethyl ether 

A more recent procedure patented by Knoll & Co (D R -1’ 260,236) bnngs 
out clearly the catalytic nature of this process Anihne (93 parts), mithyl 
alcohol (96 parts), and 1 part of lodme are heated under pressure at 230° 
when a practically quantitative yield of dimethylamhne is obtained 

The reaction is a fairly general one , methyl alcohol may be replaced by 
other alcohols and amhno by other aromatic primary bases 

[H,SO,] 

C,H5 NH* + (x + 2)CH8 oh C<,H,N(CHs) 8 + xCH* Oil + 2H80 

[IJ 

2 Interconversion of Naphthols and Naphthylamines — ^When heated at 
200° under pressure (60-60 atmospheres) with ammonia m presence of zinc 
or calcium chlonde, ^-naphthol is converted mto p-naphthylamine (about 
70 jper cent yield) This catalytic process is not entirely satisfactory and has 
been superseded by another method of wider apphcation which is named 
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after its discoverer— the Bucherer reaction • The catalyst in this process 
18 ammomuin or sodium bisulphite and the reaction is clearly reversible, for 
it cau be employed either m convertmg naphthols mto naphthylammes or 
conversely in transforming the latter mto the former A high concentration 
of ammoma favours the production of amines whereas the presence of excess 
of water leads to the reverse change of amine into naphthol 

[NaHSOj] 

R OH + (a: + l)NHs + yHjO ^ R NH, + arNHa + (y + 1)H,0 

The temperatures and pressures required vary somewhat with the nature 
of the aromatic radical R The conversion of p naphthol mto p-naphthyl- 
amme requires a temperature of 150° with a pressure of approximately 
5 to 6 atmospheres (D R P 117,471), and the yield is 86 per cent 

In the foregoing examples the catalysts are of electrolytic character and 
recall Prof Armstrong’s theory of “ reversed electrolysis,” a generalisation 
which postulates the intervention of an electrolyte iii chemical interactions 
between two pure substances 

These examples also support the explanation of catalysis based on the 
transitory formation of mtermcdiate compounds In this connection the 
bisulphite reaction is noteworthy, for it is apphcable generally to those phenols 
(resoremol and the naphthols) which can function readily in their tautomeric 
ketomc forms and to those amines (the naphthylaniini h and benzenoid meta- 
diammes) which can behave as ketimines With these tautomeric modifications 
the bisulphites umte to form additive compounds HO R" 8 O 3 NH 4 and 
NHg R" SOjNa, whereupon exhaustive amination of the former or hydroxy 
lation of the latter yields the correspondmg amine or phenol respectively 


II Concentration of the Gaseous Phase 
The commercial exploitation of the foregoing and other high pressure 
reactions led to considerable improvements in the techmque of autoclaves 
and other pressure vessels, and it is not surpnsmg to find that colour-producing 
firms skilled m the use of these appliances were among the hrst to experiment 
with high pressure catalysis as apphed to morgamc reactions 
Ammonia Synthesis —Quantitative experiments on the thermal dissociation 
of ammoma and on its synthesis from hydrogen and mtrogen were made by 
* ‘ J Pr Obem./ toL 69. p 47 (1904), and toL 71, p 433 (1906) 
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Haber aud van Oordt, who calculated the eqmhbnuin percentage of 
ammonia over a range of temperatures under atmosphenc pressure * 

Nernst and Jost redetermined the ammoma equilibrium constant up to 
pressures of 75 atmospheres f 

Subsequentlj Haber obtained confarmatory results under evtn higher 
pressures, and in collaboration with Le Rossiguol the research assumed an 
industrial aspect J In 1908 the Badische Anilm und Swla Fabrik became 
actively mterested m the problem of s)rnthetic ammonia, and having received 
a report from Haber and Le Kossignol in 1909 they commenced to dcvi lop the 
process on a considerable scale § Reference should, however, be made to the 
pioneering work of Ramsay and Young (1884) and of Le Cbatelier (1901) , 
the former studied the decomposition of ammonia by heat undei ordinary 
pressure, whereas the latter experimented on the syntlicsis of ammonia 
under high pressures (1901, Fr Pat 313,950) Perman caused these gases to 
combine under ordinary pressure in presence of catalysts, and he indu ated the 
following metals as furnishing catalytic materials iron, cobalt, nitkel, 
palladium and copper |1 

In 1918, E B Maxted pointed out from theoretical considerations that 
although the ammoma concentration decreased at first with rise of tempera- 
ture, yet at about 1200® an inversion point was reached beyond which the 
concentration increased with considerable lapidity This deduction, which wag 
proved experimentally, had not, howiver, led to any large production of 
terrestrial ammoma, although it accounted for the presence of ammoma in the 
sun’s atmosphere as revealed by the solar spectrum (A Fowler and C f L 
Gregory, ‘ Roy 8oc Proc ,’ A, vol 94, p 470 (1918) ) 

Hinshelwood, in 1925, studied the kinetics of the thermal decomposition of 
ammoma in quartz vessels and on platinum and tungsten wires 
Owing to the circumstances of the war, the utilisation of atmosphenc mtrogen 
through the ammonia synthesis under pressure and m presence of catalysts 
had been worked out mdepondently of the German workers by a group of 
investigators in this country whoso efforts had culmmated m the Bilhngham 
process 

A voluminous hterature has also appeared on the subject of catalysts for 
* ‘ Z Anorg Chem ,’ vol 43, p 111 (1906), and vol 44, p 341 (1906) 
t ‘ Z Elektroohem ,’ voL 13, p 621 (1907), vol 14, p 373 (1908) , ‘ Z Anorg Chem ,* 
vol 67, p 414(1908) 
t ‘ Z Elektroohem ,’ voL 19, p 63 (1913) 

§ Haber. ‘ Chemiker Zeit ,* p 742 (1914), and Boeoh, dad , p 721 (1920) 

II ‘ Roy Soo Proc A, vol 70, p 107 (1906) 
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ammoniA, including many patents, the mdications of which are often somewhat 
vague Owing to this lack of defimte information on the technical side the 
publications of the Fixed Nitrogen Research Laboratory, Washington, are of 
considerable interest * 

Methanol Synthesis — ^Although Sabatier and Senderens had contemplated 
the possibihty of combining carbon monoxide and hydrogen to produce 
formaldehyde, yet their own catalytic experiments on these reactmg gases 
carried out under ordinary pressure had led to methane In 1913, however, 
the Badischo Anihn imd Soda Fabnk, with the experience of high pressure 
tcchmque gamed in the successful industrial synthesis of ammoma, amved at 
a more promising result through experiments earned out at high temperatures 
and pressures in presence of catalysts (Eng Pat 20,488 , D R -P 293,787) 
In these specifications the patentees claimed the manufacture of easily 
liquefiable hydrocarbons and oxygenated orgamc compoimds by passmg a 
mixture of carbon monoxide and hydrogen over a heated catalytic reagent 
under high pressure This high pressure was defined as a pressure exceeding 
f) atmospheres The catalytic agents mentioned were cerium, chroimum, 
cobalt, manganese, molybdenum, osmium, palladium, titamum, zinc and their 
oxides or other compounds In their first example they cited the use of 
asbestos impregnated with cobalt or osmium oxide and caustic soda, whereas 
in the second example a suitable carrier such as pumice or diatomaceous earth 
was successively soaked in potassium carbonate and zinc mtrate 

The oxygenated products consisted of alcohols, ketones (such as acetone), 
aldehydes (such as formaldehyde) and acids (such as acetic acid and hoino- 
logues) Ten years later the production of methyl alcohol by the BASF 
had already reached a manufactunng scale 

Meanwhile G Patart had, in 1921, taken up the study of methanol pro- 
duction, and in his first patent (Fr Pat 640,643) he desenbed a process for the 
s)mthetic production of alcohols, aldehydes and organic acids by submitting 
mixtures of hydrogen and oxides of carbon or equivalent gases to the action 
of appropriate catalytic agents at 300° to 600° under pressures of 6 to 300 
kilograms per square centimetre (about 6 to 300 atmospheres) He suggested 
mckel, silver, copper, iron or other metals known as catalytic agents m 

• Larson, ‘ Ind Eng Chem ,’ toI 16, p 1002 (1924) , Ernst, Keed, Edwards, ibid , 
▼ol 17, p 775 (1025) , Larson and Brooks, ibid , voL 18, p 1306 (1926) , Almquist and 
Crittenden, ibid , vol 18, p 1307 (1926) , Almquist and Block, * J Amer Chem Soo ,’ 
voL 48, p 2814 (1926) See also AmmonUk, UUmonn's “ Ensyklopkdie der Teohnisoben 
Ohenua," 2nd ed., 1928 
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hydrogenation or oxidation Tlie oxides or salts of these metals are also men- 
tioned The oxygenated produots of these catalyses were, however, not 
specified In February, 1926, Patart published an account of the industrial 
synthesis of methyl alcohol by catalysis under pressure m which he indicated 
the following oiades as smtable catalysts for methanol VjOj, Cr^Oj, ZnO 
Favourable results were also obtamed by addition of copper to these oxides 
Moreover, the cbiomates, manganates, vanadates, molybdates and timgstates 
of metals promoting catalytic hydrogenation oi oxidation gave after careful 
reduction active catalysts fumislung very pure methyl alcohol 

In 1923-21, Frau/ Fischer and Tropsch published the results of then 
lesearches on the hydrogenation of carbon monoxide under pressure (160 
atmospheres) and at high temperutuies to 450'’), using an alkalised 

iron catalyst Those mvestigators, who employed iron turnings impregnated 
with potassium carbonate, made a detailed examination of the product and 
found that it contained alcohols, aldehydes, ketones and aliphatic acids with 
small quantities of hydrocarbons The products scpai ited into two layers, 
the oily one being teimcd synthol ’ and suggested as a substitute foi motor 
spirit * 

Reference should bt made to a suggestive lesult obtained by E Lush m 
1922, who working with carbon monoxide and hydrogen at 100-100® under 10 
atmospheres pressure with a lontact mass eontauiiiig iiukel (1 paits), eopper 
(1 part) and alumina (5 parts) obtained m addition to nu thane, lorraaldi hyde 
and its polymendis (Eng Pat 180,(U(}) 

When woik on catalytic reactions under high pressures was begun at 
Teddmgtou m January 192h, the patent speoihoations of the I (1 and 
BASF and the published lescaiches of (I Patart and Audibert m France 
and Fran/ Fischir m (leiraany, were the mam sources of information ou this 
subject The immediate objective was the acquirement of the teclmique of 
high pressuie research, and for tlus purpose a study of the methanol synthesis 
was imtiated A preliminary account of the early experiments was com- 
municated to the Society of rhemical Industry m 1928 -f 

Metltaiu)l —With a catalyst piepared either from normal /me ciuomate, 
ZnO, CrOs, or from the basic salt, JZnO, CrO,, workmg at 420° under a pressure 
of 200 atmospheres at a lato per hour of 2000 litres of gas (N T P ) tlirougb 
60 c c of catalyst, the hourly output of orgaiuc products is about twice the 

• ‘ Bitinnstoff Chem vol 4, p 276 (1»23), and voL 6, pp 201, 217 (1924) 

\ T Chem Ind vol 47, p 117T(19i8) 
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catalj st volume The hqiud obtained la homogeneoua , it contains 96 per 
cent of methyl alcohol, 1 per cent of higher alcohols and 4 per cent of water 
The quantitative aspect of methanol synthesis will be discussed by Prof 
Bont, who has investigated the compressibihties of the reacting gases 
Hufher Alcohols — The addition of alkaline substances to the zmc chromate 
catalyst favours the formation of higher alcohols The liquid products from 
such a mixed catalyst separate into two portions owing to the presence of 
partially miscible alcohols and esters which form an mlv layer on the aqueous 
methyl alcohol 

Ethanol- Catalysts containing cobalt wire employed under ordinary 
pressure by F Fischer and Tropsoh m the production of complex liqmd hydro- 
caibons, a fact which suggested that this metal might be equally efficacious m 
muting together carbon atoms m reactions under pressure At cordingly, to 
the methanol catalyst, zmc chromate, were added varying proportions of 
cobalt chromate with the result that, although methyl alcohol remained the 
predominant constituent, yet higher alcohols, including cthvl alcohol, were 
produced in appreciable quantities together with small amounts of aldehydes 
In these syntheses the chromate may be replaced by mauganate The 
catalyst contaimng cobalt shows a marked tendency to become overheated, 
and this overheating is associated with the formation of methane and 
water, a reaction which is more exothermic than the formation of methanol 
from carbon monoxide and hydrogen This local overheating has been largely 
overcome by improved temperature control in our latest plant, but nevertheless 
the formation of methane always accompames the production of ethyl alcohol 
Aldehydes and Higher Alcohols — By the use of mixed cobalt catalysts also 
contauung copper, zmo, chromium or manganese, the following alcohols have 
been identified in addition to methyl and ethyl alcohols w-propyl, n-butjd, 
and wobutyl So far all the alcohols detected are primary alcohob 
Aldehydic products have also been identified as follows formaldehyde, 
acetaldehyde, projmldehydc', and w-butaldehyde Tliere is also indirect 
evidence of the presence of aldehydals, R OH(OX)g, the ortho-ethers of the 
aldehydes 

It should, moreover, be mentioned that H Dreyfus claims the production of 
ketene by operatmg with a mixture of hydrogen and carbon monoxide con- 
taimng the latter m excess (Eng Pat 262,364) 

Acids — Our more recent results confirm the presence of ahphatic acids, 
and notably of propiomc acid with smaller proportions of formic, acetic and 
n-butyric acids 
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Hypotheses cmvxrnxwg the Mechanism of Methanol Syntheses 
As a result of their work with alkahsed iron F Fischer and Tropsch suggested 
that the oxygenated products were formed by the synthesis of methyl alcohol 
followed by the direct addition of carbon monoxide to this alcohol, with pro 
duction of acetic acid from which acetone is formed by loss of carbon dioxide 
This scheme accounts for the presence of acids, ketones and higher alcohols * 
Zinc formate on heating decomposes into /me carbonate formaldehyde, 
methyl formate and methvi alcohol Under tlu conditions of the methanol 
synthesis, zmc formate might play the part of an unstable mtermediate com- 
pound which IS continually being u generated and decomposed 

ZnO + HjiU h I'U = Zn(HCOj)^ 

ZniHCOj), = ZnOOa f H CHO 
ZnCOa I- CO -1- ZnlHCOi)^ 

TI CHO I H, = CH3 oh 

Higher Aldehydes and Alcohols by rtjnatui Aldolisatton and Hydroginalwn 
JH CHO = HaC{OH) CHO 
Hj C(OH) CHO-hH^^CHa CHO + H^O 
CHj CH() + H3=.cn3 CHa OH 
H CHO + CH3 CHO = HaC(OH) CH* CHO 
HaC(OH) CHa CHO 1- H^ = CH3 CH^ CHO + H^O 
CH, CHj CHO-bH2 = CH3 CHj CHj OH 
2CH3 CHO = (’Hj CH(OH) CTIj CHO 
CH3 Cn (OH) CHa CHO + Hg -- CH3 CHj CTl^ CHO )- HjO 
CH, CHj CHj CHO + Hj^CHg LCH^lj ('H^ OH 

HaCfOH),^ 

2H CHO + CH, CHO= >CH CHO 

HaClOH)^ 

H3C(0H)\ CH3. 

}Cll CHO-}-3Hj - >CH dig OH | JH 3 O 

H3C(0H)^ CH,/ 

This sequence continues to yield still higher alcohols The aldohsation 
hypothesis accounts for the products hitherto isolated, but it also postulates 
the transitory existence of intermediate hydroxyaldehydes and glycols 
which have not so far been detected These substances may, however, be 

• ‘ Ind Eng Ohem vol 17, p 876 (1«2«) 
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transformed by dehydration mto unsatuiated aldehydes and alcohols which 
would speedily undergo hydrogenation to saturated aldehydes and alcohols If 
substantiated by further experiment, this aldohsation hypothesis bnngs the 
syntheses of homologous alcohols by high pressure catalysis mto Ime with the 
transformations following on photosynthesis which take place through the 
agency of hving organisms (bacteria, yeasts, moulds and the green plant) 
With more ofhcacious catalysts and less elevated temperatures one may antici- 
pate that this analogy will become increasingly closer 

III High Pr> wire Catalyses tnvolmig Liquids and Solids 

The hj drogenation of finely divided coal made into a paste with low 
temperature tar or other tar as earned out by the Bergius process under 200 
atmospheres, is an example of high pressure catalysis since the process is facih- 
tated by addition to the paste of bog iron ore (hydrated feme oxide) This 
pasty mass is driven through three bombs arranged m series , the first is mam- 
tamed at 468° and the other two at 470° Hydrogen is taken up and the end 
product 18 a black viscous oil containing saturated hydrocarbons largely aro- 
matic with small amounts of phenolic substances 

The tais from low temperature carbonisation contain fiom 10 to 16 per 
cent of petroleum soluble crystalhsable phenols, and the problem of disposing 
of these substances would be aimphfied lonsiderably if thej could be 
converted into hydrocarbons smtable foi liquid fuels This conversion is 
effected according to Enghsh Patent No 247,686 of the I G Farbemndustric 
AktiengescUsihaft bypassing tai m a hydrogen atmosphere ovci a contact 
mass contaming molybdenum compounds heateil at about 600° and undci a 
pressure of 2(X) atmospheres The product consists of colourless saturated 
hydrocarbons boihng almost wholly below 360° and to the extent of 30 to 
50 per cent below 160° 

A much simpler example of this type of catal 3 diic process is the hydrogenation 
of naphthalene m the liquid state at 180 to 200°, under 15 atmospheres pressure 
in the presence of mckel The reduction goes iii two well-marked stages tetra- 
hydronaphthaleno (tetrahne) being the intermediate and decahydronaphthalene 
(decahne) the final product Another interestmg and simple example of high 
pressure catalysis m heterogeneous systems has recently been patented by the 
I G Farbemndustrie Aktiengesellschaft (Eng Pat 307,223), whereby benzene 
and its homologues and certain derivatives are converted into the correspondmg 
carboxyhc acids by heating at 100° with carbon dioxide under 60 atmospheres 
in the presence of anhydrous aluimmum chloride 



Diamsston on Catalytic Reactions at High Pressures ‘249 

As illustrated by the specimens displayed, these uses of pressure in the 
synthesis of hquid and sohd carbon compounds are capable of considerable 
extension The condensations involved are catalytic reactions, and the 
chemical nature of the products vanes considerably with the catalyst 
employed 

The examples mentioned in the foregomg brief review do not aflord experi- 
mental evidence for any general theory of catalysis In the case of catalysts 
soluble m the reagi nts, the hypotheses of electrolytic interaction and of inter- 
mediate compounds offer some explanation of the mechamsm of chemical 
change, but m the case of contact masses the texture of these materials plays 
a more important part and suggests a close relation between adsorptive power 
and catal 3 dic activity 

More light on these points will probably arise in the subsequent discussion 

Prof W A Bonis It is only three years ago that the work m the High 
Pressure Gas Research Laboratories under my direction at the Imperial 
College, South Kensington, was extended so as to include catalytic reactions, 
and the new equipment lustalled there for the purpose was specially designed 
for investigatmg the fundamental aspects, both chemical and physical, of th( 
subject Up to the present we have mostly worked upon the catalytic inter- 
actions of carbonic oxide and hydrogen mixtures, and more particularly upon 
the production of methyl alcohol (“ methanol ”) from them 

On hrst surveymg the field of catalytic reactions, what impressed ns most 
was the fact that, save in regard to the comparatively simple case of ammoma 
synthesis— the thermodynamical aspect of which had been worked out first 
of all by Haber and Le Rossiguol (1907)* and later by Larson and l)odg( 
(i924)t — very few (if any) well-estabhshed experimental data for equihbna 
conditions m gaseous catalytic reactions at high pressures were available 
It also seemed that little rehance could be placed on more theoretical calou 
lations owing to uncertamtics, not only m the various physical constants 
entering into them, but also concermng the role of pressure itself, which may 
not always be merely to effect an increase in the density of the medium, and, 
therefore, m the concentration of the reactants While it may bo that 
theoretical calculations indicate m a general way the respective influences of 
temperature and pressure in a reversible catalytic mteraction, it is only from 
well-conducted laboratory experiments that precise knowledge will arise 

* • Bor Deut Chem ,’ vol 40, p 2144 (1007) 
t ‘ Jour Amor Chem Soc vol 46, p 867 (1924) 
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In order that such experiments shall be capable of givmg rehable results it 
18 necessary that the apparatus employed shall be designed, not merely to 
withstand the pressure and temperatures concerned (which may be of the order 
of from 300 to 500 atmospheres and from 300® to 500° C ) and to be handled 
with safety, but also to permit of accmate pressure and temperature readings 
bemg made, to respond readily to comparatively small changes therein, and 
to enable th< i hcmu al state of the gaseous phase m the reaction zone being 
ascertamcd prec istlv at any moment Also, m equilibria experunents by any 
statu method it is particularly important to keep all the reactants homo- 
geneously in the zone of rea< tion, so that special precautions must be taken for 
preventing tlie segregation or condensation of any one of them outside the 
zone III designing our apparatus and methods we have kept these objectives 
continuously in noind 

As one of the best examples of the influence of pressure in catalytic reactions, 
I would spetially invite attention to the possible changes inducible by vanous 
catalysts in systems mitially contammg carbomc oxide and hydrogen Without 
discussing the theory of mtermediate products which Prof Morgan has put 
forward it may be stated that, according to the catalyst and the temperature 
selected, one or other (or even all simultaneously) of the followmg changes maj 
be mduced - 

(1) Production of formaldehyde CO -p Hg “1^ llg 0 O ± H 5 

(2) Production of methyl alcohol 00 4 211,“:^ CHgOH ± 22 8 

( i) Production of methane CO iHg CH4 -f HgO ± 55 2 

Without troubhng at the moment to discuss whether or no these three 
reactions form a natural interdependent sequence or are independent of each 
other, we know m fact that by selecting a suitable catalyst and temperature 
we may effect the formation of any desired one of the three products to the 
pr ittical exclusion of the others Thus, if our object were to produce formalde- 
hyde, for instance, we should use preferably a copper catalyst, at a temperature 
of from 300° to 400° , if it were to produce methyl alcohol, we should use a 
reduced basic zinc chromate catalyst at a temperature of from 300° to 350° C , 
but if it were to produce methane, we could do so almost exclusively by using 
a reduced nickel catalyst at a temperature of from 160° to 200° C And m 
all such cases we should work at fairly high pressures 

With regard to the production of methane, we have found that if a mixture 
of carbomc oxide with three times its own volume of hydrogen be passed at a 
rate of 30 cubic feet per hour, at a pressure of 160 atmospheres, over 100 grams 
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of a reduced nickel catalyst at a temperature of 280° C , there results a 96 
per cent conversion into methane and steam So that, after eoohng the 
resultmg gas and removmg any carbon dioxide, it contains approximately 
96 per cent of methane, 4 per cent of hydrogen, and 1 per cent only of car- 
bomc oxide Indeed, we have prepared in this way all the methane used in 
our research laboratories, afterwards purifying it by londensation at the 
temperature of hquid air and subsequent evaporation of the liquid Inci- 
dentally, we have also found that a nuxturo of one voluinc of carbon dioxide 
with four volumes of hydrogen may be used with equally good results 

We may next consider more particularly the synthetic pioduotion of methyl 
alcohol As already stated by Prof Morgan in optmng this discuasion, the 
production of alcohols, aldehydes and acids by the interaction of carbomc 
oxide and hydrogen mixtures smtably catalysed at pressures up to 300 atmo- 
spheres and at temperatures between 300° and 600° ( ’ , has be< n studied experi- 
mentally by a number of investigators, whom he has mentioned Unfor- 
tunately no satisfactory eqiuhbna data m regard to the methyl alocohol 
synthesis had resulted from their work I n 1926-27, however, K K Kelly * 
and independently Audibert and Raineau,t deduced the one from free energy 
data and the others from Nerust’s heat theorem — the following theoretical 
values for the equilibrium constants, at various temperatuns thesf being 
(1 think) the first published data on the subject — 


Kp 


PmcOB 

P,0 < P'*H. 


Kp calculated bv 

iemyerature ( | 

I Kelly I Audibert and Kaineau 


227 

3 1» 

6 76 X 10-* 

327 

3 86 x^O 

a 20 X 10-* 

427 

1 64 X 10-* 

7 66 X 10-* 

400 

1 18 X 10-» I 

0 It 10-* 


The first published experimental Kp values for the system CO + 2 H 2 
CHjOH in contact with a basic xmo chromate catalyst at 400° C (under which 

* ‘ Ind and Eng Chem vol 18, p 78 (1926) 
t Ibul . vol 20, p 1106 (1927) 
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conditions methyl alcohol is practically the sole synthetic product) were the 
following — 


ObBarren 

ProsMW ' 

Kp found 


atmospheres 


Audibert and Raineau 

160 

1 92 X 10-* 

Lewes and 1 roUoh 

204 

1 80 X 10-‘ 

Brown and Galloway 

180 

1 62 to 1 98 X 10-« 


It will be seen that, although agreeing well amongst themselves, these results 
did not agree with either of the foregoing calculated figures , for according to 
Kelly’s calculations K, at 400° should bo 1 18 X 10“®, and according to 
Audibert and Rameau it should be 6 9 x 10"® 

The experiments just referred to seem to be open to the criticism that in 
each cause the eqiulibmim has been approached from one side only This is an 
important consideration when it is reahsed that towards the end, change in 
such a system is apt to become very slow Indeed, in our experience no 
eqmhbrium determined at such high pressure can be considered satisfactori 
unless approaches arc made to the eqmlibnum from both sides 
Such was the unsatisfactory state of affairs when the matter was taken up 
by Drs D M Newitt, B J Byrne and H W Strong m our laboratories three 
years ago , and, m order to ensure accuracy m the determinations of Kp, it 
was decided to employ two independent experimental methods, namely, a 
“ static ” and a “ flow ” method, respectively, and in each case to approach 
the equihbnum from both sides, t e , from both the synthesis and decomposition 
of methyl alcohol As the experimental methods and results have alri ady been 
published by the Society, readers are referred to the onginal paperf for details 
thereof Suffice it here to say that, usmg a suitably reduced 3ZnO CrjOj 
catalyst to which 0 6 per cent copper mtratc had been added, a temperature 
range from 280° to 338° C , and pressures between 60 and 100 atmospheres — 
conditions under which a mixture of one volume of carbomc oxide and two 
volumes of hydrogen was found to produce methyl alcohol to the practical 
exclusion of other products -and at each experimental temperature approach- 
ing the equihbnum from both sides by each of the two methods referred to, 
practically identical results for the equihbnum conditions at each temperature 
were obtamed Two examples may be given By the “ static ” method the 

• ‘ Ind and Eng Chem vol 20, p 960 (1928) 

t ‘ Proo Roy Soo ,’ A, 123. p 238 (1929) 
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value of Kp at 120° 0 was found to be 6 7 X lO"** when equihbnuiu was 
approached from the excess methyl alcohol side, and b 4 a 10"*^ when 
approached from the other side , at 118° (' the two expenmontal values were 
4 3 X 10“'^ and 4 6 X lO"®, respectively -and by interpolation the value at 
330° 0 would be G 6 X 10“' By the “ flow ” method the experimental 
value at 310° C was 5 2 X 10"'* 

The results as a whoh* sliowed the following lipear relationship la tween the 
free (>nergy and absolute temperature — 

AK = 70 OT - 10, GOO 


bVom the results as a whoh the following Kp values wort calculated foi 
every 20° C over the lange 2b0° to 380°, which is the most practicable for the 
synthesis of a substantiallv pure me thyl alcohol from a CO \- 2H^ mixture 


Tempeiaturv 

Kp 

Cempeniturr 

Kp 


T i 

360 

1 3 < 10-* 

•c 

340 

3 9 X 10-‘ 


380 

4 5 y l0-« 

360 

1 3 V lo-‘ 


300 

1 6 X 10-* 

380 

(1 3 -■ 10-* 


320 

It 7 N 10-‘ 

— 




It may be observed that these values are all considerably lower than any 
corresponding values cither calculated or expenmentally obtamc d liy previous 
workers Thus, for example, taking 200 atmospheres as a i»ractical w'orkmg 
pressure and b00° K {327° C ) as temperature, according to the determinations 
of Newitt and lus collaborators the partial pressure of the three components 
of the equilibrium mixture CO + CH3OH would be 

CO — 54 5, Hj = 109 0, and CH3OH = 36 5 atmospheres 
Whereas, from Audibert and RaineAu’s calculated Kp for 000° K and 200 
atmospheres pressure, we should expect 

CO — 39 0, Hj = 78 0 and (’H3OH — 83 0 atmospheies, 
and from Kelly’s calculated Kp, 

CO = 10 4, H, — 20 8, and CHjOH = 168 2 atmospheres 

The correct detennmation of Kp values in such a system is of considerable 
commercial as well as scientific interest, inasmuch as such values are the best 
criteria of the efficiency of a catalyst at a given temperature For example, 
if by usmg a given catalyst at a given temperature a quantitative yield of 
methyl alcohol near to that of the cquihbnnm proportion predicted by the 
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expenraental Kp values at such temperature were readily obtained, clearly 
there would be no particular object in searching for a more active catalyst 

Another point which should be dealt with is that in the paper by Dr Newitt 
and his collaborators a caveat was lodged about corrections which should be 
apphed to their observed experimental pressure values on account of deviations 
of their equihbria mixtures from the gas laws, but which at the time of its 
publication had not been actually determined 

Hitherto it has been customary, in dealmg with such equilibria conditions, 
to apply the ordinary mass action law on the assumption that the equilibrium 
mixture is behaving as an ideal gas , but whereas at ordinary pressures such 
an assumption mtroduces no appreciable eiror, at high pressures it is not tlu 
case 

Kxpenments are now m progress in our laboratories with the object of 
determimng the isotherms of the xOHjOII + y(CO 1- ‘iTIj) equUibria mixtures 
found by Dr Newitt and his collaborators, but they are not yet sufficiently 
advanced to enable us to say what are the precise corrections which must be 
apphed to their Kp values So far as we have gone, however, it would appear 
that at about 100 atmospheres the proper correction to their Kp values should 
be of the order of rmnua 2 per cent , and that at higher pressures it will be still 
greater This point is mentioned because it reveals a serious gap in our know- 
ledge m respect of the compressibihtics of eqmhbria mixtures at high pressures 
and temperatures which must be filled up before such experimental K, values 
can be finally accepted We are luakmg it part of the business of our labora- 
tones to determme such compressibilities 

In cases such as the interactions of carbomc oxide and hydrogen in contact 
with various catalysts at suitable temperatures and high pressures, where 
more than one product is possible and/or more complex changes may be 
superposed on the initial one, the ijuestion of selectmg a suitable catalyst and 
temperature range to produce a given result is of prune importance Unfor- 
tunately so little IS known about the inner mechanism of catalytic reactions 
in general that our view of the matter is still largely empirical , we know that 
by substituting one catalyst for another, or by adding some other constituent 
to those already in use, m certain cases the result is profoundly affected Thus 
the addition of an alkalme oxide to the 3ZnO Cr^Oj catalyst used in the 
methyl alcohol synthesis induces the formation of higher alcohols, while by 
usmg an iron-alkaline catalyst with water gas at 400° under pressure, F Fischer 
obtamed the product (synthol) oontaming some 40 mdividual compoimds 
In our experiments we have naturally sought to work under conditions most 
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favourable to the formation of one particular product, prmcipally with a 
view to the exact determination of equihbna conditions The systematic 
exploration of the mechamsm of the catalyst is one of the outstandmg problems 
of the subject at present unsolved 

Mr C N HinshIvLWOOD There arc several ways in which the study of 
reactions at high pressures may yield theoretical information beyond that 
which can be discovered at ordinary pressures 

It would be interesting to make experiments on the aitual rates of high- 
pressurc catalytic reactions, because the relation between rate and the pressure 
of the icacting substances at the very low pressures emplojed by Langmmr 
18 often quite different from that which holds at ordmary pri ssures A further 
comparison with the r< lationships holding at high pressures may yield important 
information about the mechanism of the “ adsorption ” process and the 
structure of catalytic surfaces 

Another interesting point is that very many of the reactions which can be 
investigated in a theoretically interesting way at ordinary pressures are 
decompositions proceeding almost to completion At high pressures the 
reverse reactions toiild be measured, and a useful correlation of the kinetic 
and thermodynamic aspects of the problem achieved 

Ml M r Ai'PLBBiiY 1 do not think I need to make many comments on 
what has bicn said by previous speakers, but I should like to second what 
Prof Bono lias said about the necessity for knowing more about the physical 
properties of gases and mixtures of gases at high pressures As has been shown 
by the data icsulting from Dr Larsen’s work m the Dupont Laboratory, it is 
very necessary that we should know far more than we do about these 
physical properties before we can attempt to foretell the behaviour of gases 
under equihbrium conditions at high pressures Another point I might 
mention m that comiection is that it is almost impossible to apply Nernst’s 
heat theorem to any of these reactions relating to orgamc substances, for the 
lack of really accurate thermo-chemical data 

On Prof Morgan’s interestmg mtroduction I want to make only one comment 
We are extremely interested in the results he has obtained m the methanol 
reaction, but I think I ought to say that m our experience we have never 
succeeded m obtaining, with any catalyst whatsoever, more than a mere 
trace of ethyl alcohol 

Although there is no essential difference between the mechamsm of catalytic 

VOL. oxrvii —A. s 
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reactions under high pressure and at atmospheric pressures, it will be very 
useful to discuss catalysis on this occasion, because I think that the work which 
has been done during the last four or five years on the ammonia catalyst has 
led to a much fuller understanding of the behaviour of a catalyst The 
ammonia catalyst used industrially is essentially metallic iron Many other 
substances have betn proposed as catalysts, and almost every element in the 
pu iodic talilo lias been jiatiuted at one time or another, but iron is the one 
substance v.liich is used on a large scale for the ammoma catalysis There 
arc one or two well cstabhshed facts about the iron catalyst m the ammonia 
synthesis which are very illuminating The first is that pure iron is ipute an 
active catalyst, but its activity falls oil very rapidly indeed , the addition of 
quite small percentages of magnesia or alumina, however, makes the activity 
of the iron practically permanent We have had iron catalysts working un- 
changed in a convertor for as long as a year Alumina is a very active pro- 
moter and prevents the decline of the activity of the iron Potash also acts 
as a promoter, but the reason for its activity is very far from understood 
Fortunately, we do know why alumma acts as a promoter, and I think it is 
the one example of promoter action which we do know something fundamental 
about This promoter action of alumma is evidenced by another very important 
and mtciestmg fact about the tcchmcal ammoma catalyst— a fact which was 
discovoicd quite a number of ^cara ago, but was not understood until lately — 
namely, that the iron catalyst is much more active if it is formed by the reduc- 
tion of magnetic oxide of iron (Fc3()4) than if it is introduced as metal or as 
ferric oxide (FejOj) These facts have been explamed by Wyckolf and Critten- 
den as being duo to the isomorphism of ^’6304 or Fo (Fe02)2 with iron spinel, 
Fe(A102)2 The reason why alumma acts as a promoter m the iron catalyst 
prepircd from FC3O4 is that the two elements become intimately mixed owing 
to this isomorphism The alumina is uniformly disseminated through the 
iron catalyst, and when reduction of the catalyst takes place, bamers of alumina 
are formed, which prevent the growth and coalescence of the multitudes of 
tmy iron crystals on which the activity of the catalyst depends The real 
cause of tbi loss of activity of the pure iron catalyst is the growth of the 
crystals and the coalescence of the small active particles This beautiful 
theory is to me a very satisfactory explanation both of the action of alumma 
as a promoter and of the experimentally observed fact that a really active 
iron catalyst is best prepared from Fe304 
Another point of great importance about the iron catalyst is that it is poisoned 
by very small quantities of oxygen or oxygen compounds The fact that the 
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amoiitit lenuiu'cl to poison tin non catalyst is o’cticmely small mdiuitca that 
tlic number of activi ( ( ntn s on tla suifact of tin iron is piobably very small 
Veiy {( w of tin tot U imnilw i of atoms of non pies« nt aie ail ive catalytically, 
.uul \eiv few aloiiis of oxvgui iii imessary to poison tin m This is m line 
with I'rof I’ayloi s xuw’s on tin iiaetion of solid latahsts, and it forms a veiy 
Kooil cxainplt 

111 my view tin funrlion of a catalyst is (sst iitially, as Mi llmsln Iwood has 
sliown veiy ( It ail), It) lowt i tin t miff) of activation of the rtactiiij^ substance 
I do not renn nils i Mi llinshclwood s hKiin, but I think he has shown that in 
tin dt composition of nitrous ovule tin homogeneous uncatalysed it action 
ictpnn s about twice as much activatnm energy as the sann reaction m tin 
piesenct of a catalyst The same thing, 1 think, is shown m the dt comjiosition 
of inimonia Tin t italyst sums to me csstntially a thing which makts the 
it.icting substance it active by pit king up a smaller amoimt of cneigy than it 
itt^unes to make it nattive in tin absence of a tatalyst A calculation we 
math recently, based on l)i Kideal’s dt tt rminations on the activation poti ntial 
of nitiogt n, gives a \t ly gootl idea of tin work the catalyst docs Wi found 
that the total amount of ciitigy nncessaiy in ludustnal piactitt to hx a given 
amount of mtiogen by the use of a catalyst was alioiit one ipuirtii of the 
amount of eneigy lequiit d to activate the same amount of uitrogc n electric ally 
That 18 a vciy cleai indication both of the activity of the catalyst and also of 
the superiority of catalytic pioccsses over otlnr processes such as the art 
piocc ss It has also been shown by others than nitrogen adsorbed on a suiface 
of active iron has an ionisation potential much below the normal value’ 

1 iicidc’utally , wc may note that it is the nitrogen which must be activated , 
hydrogen is not c nougli We have nuidt experiments on the actuation of 
by diogc 11 by passing it ovc i heated tungsten which is know ii to be an activ atmg 
agent, and mixing the liydiogcn immediately afterwards with nitrogen, but 
111 those c'vpeiiinents no ammonia was formed That is not surprising, because 
the energy of activation of hvdrogen is much less than that of nitioge>n 

Accoidiiigly, X suggest that wt must picture the' iron atoms as m some 
way entanghng tlu’mselves with the mtiogtii so as to loosen the bonds between 
the atoms of the nitrogen molecule That comc’s very near to the conception 
of alternate formation and decomposition of iron mtride I should like to 
mc'ution some recent work m this coiuicctiou which seems to lie really fimda- 
me’iital Many people liavc looked foi iron nitride as an uitci mediate m 
ammonia synthesis, but imtil recently without any success Recently, how- 
ovci, Mittasch and Frankeiibiirgcr have published tlic leaults of some very 
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fruitful experiments carried out m the research laboratories at Oppau They 
have shown that the reason why other workers did not identify iron nitride is 
that the number of active centres in iron is very small, and therefore the 
amoimt of iron nitride is very small They have also succeeded in making 
iron extn mely active by volatilising iron wires and condensing the vapour on 
cooled surfaces along with suitable diluents whieh prevent the re crystallisation 
and coalescence of the active iron particles Such active iron has been shown 
by Mittasch to absorb both hydrogen and nitrogen The amount of liydrogen 
absorbed is one atom to one atom of iron hut the amount of nitrogi n absorbi d 
IS not stated Also tiuigsten, which is known to catalysi' the decomposition 
of ammonia, has been produc ed in this active form by similar methods It is 
found that at a temperature of 3(Mt° approximately this tungsten decomposes 
ammonia with no change of volume and with the formation of hydrogen as 
the gaseous product, the NH being piesumably attached to the tungsten thus 

nW 1 MJ3= \V,.M1 + 

At liighei tcmpeiatuies the tungstem gi\es off mtrogtii and hydrogiii in equal 
\ olumcs 

Ur A M T K Mieiins In re fei ring to high pressures I should like to deliiie 
the ranges of pn ssiire as wo have done as the result of the teehmque used m 
Amsterelam In geneial we refei to pressiues up to 2500 atmosphcri s as low, 
pressures between 2500 and 10,000 atmospheres aie regarded as medium, and 
pressures above 10,000 atmospheres are regarded as high Prof Morgan has 
pomti (1 out two influences which high pressures would bo expected to have on 
cliemie al reactions, but I feel certain tliat if the dehmtion I have given of ‘ liigh ” 
pressures is adopted one of these influences must be (xtmidcd, and thret more 
must be considered The influence m the direction of increased concentration, 
which Prof Morgan has mentioned I should prefer to consider in terms of the 
increased number of collisions, as it is yirtain that at appreciable pressures 
the ordinary law of mass is a ratlier rough approximation, and at really high 
pressures do( s not apply at all W hat must replace it < an only be determined 
from experimental results on isotherms and compressibilities of mixtures, as 
discussed by Prof Bone Another influence is the induced or increased polanty 
when the molecules are forced together, and m some cases the change from the 
non polar to the polar foi m of a molecule For example, it appears from some 
work of Kirkwood that at moderate pressures the non-polar form of COj 
changes to the polar form For this investigation we shall have to deal with 
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the mpasurement of the dielectric coimtant For any chemual n action to 
occiu, the molecules must possess a certain minimum energy, which is m 
general available as kinetic energy By compressing the molecules a certain 
amount of potential energy is stored, which may result in the rc ac tion otc iimng 
with a lower kinetic energy, i c , at a lower temperature It might be, for 
instance, that an exotlurmic reaction which will not normallv take place at a 
low temperature could be madi> to do so by the application of a siifticienth 
high pressure If the potential energy is veiy high there may be an appi ec table 
distortion of the molecules and a resultant change in the vibrational and lota- 
tional specihc heats and in some optical properties, although the last will be 
rather difiicult to measure Fiom a purely tin rniody namic point of Mtw it 
18 easy to show that the ciitiopy is decreased by increasing piessure, the total 

dec rc'asc licung given by Jad/i, where » is the temperatinc e nethc tent of expan- 
sion At T — b, ai IS /< ro and the entropy is independent of the piessui c 1'here- 
fore, the difference between'tlie entiopy at a given tempei atiin* and re i o tc nipera- 
ture will decrease with me re asing pressure and eonsespic’ntly the specifie heat 
at ( onstant volume must also eh e rease Lewis has suggested that it may be 
that at p - 00 , Cv — b The decrease in specihc heat will not only be expected 
foi the vibrational anil rotational specific beats, but also for the translational 
specihc heat, in accoidane e with modern quantum statist ie,s If howecei the 
specihc heat is changeul, the lu‘at production of a ehtinical reaction and 
theiefore the cquilibiinni, will also be expected to change Tt follows then, 
that the measurement of the spec die lieat and the temperature' eoethcient are 
of interest to high piessure chi'raistry Finally, all the facts pointed out aie 
influencing the fiee energy, the well-known ej; function and the thermoely namic 
pot/cntial Application of the (Jibbs’ principle of ecpiilibnum to chemical 
reactions with the help of these functions has led to the law of mass and the 
law of Van T Hoff, but m the deduction of these' laws assumptions an made 
which no longer hold at high pressures 
It IB hoped that the high pressure research which is being carried out at 
Amsterdam may contribute to the lulvancement of high pressure e hemistry 
along these lines In the first range of pressure — up to 2500 atmospheres — 
wo have a pleasure balance that will give a maximum reproducibility of the 
order of 1 in 500, 000, and have worked out a differential method of cabbrating 
this instrument m absolute units, i e , K6/cM2 In this range there are no 
longer any techmeal difficulties to be expected, and measurements on the effect 
of pressure on the following physical constants are being carried out — isotherms 
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of gascM, ( oinprc8»il)ilities of lu^uids and solidn, viscosity of liqiuds and solids 
solubility of gases in liquids, dielectric constants, refraction index, specific 
heats, electrical resistani e of metals Some of the results have been published 
already, and others will follow shortly 

For the second range of pressun -from ‘iKMl to 10 000 atmospheres- the 
preparatoii work is hnislud, and the final work will lie started as soon as tlu'ri 
are trained men available 

For the third range we are doing preliminary work tonsisting mainly of the 
examination of m.iterials to stand really high pressures We have b( on able 
already to reach pressures of S') 000 atmospheres 

Dr F K Rtdfai The epiestion of the adsorption of the gases his hoen 
mentioned by Mr Appleby as a possible di iracteiistic of catalylu bihiiviom 
but that ( innot be the only criteiion Ife mentioned the work of Mittaseli 
for example yyho ynlatihsed non wiie and produced very active iron yvliidi 
iron absorbed l>oth hydrogen and nitrogen We tan get exactly similar results 
yvith platinum wire, one atom of platinum, on deposition on glass will 
occlude or absorb or combine at liquid air temp* ratnre with one mohenh of 
nitrogen and also with approximately one moletnlo of hydrogen Iron and 
platinum are, however, very different in respett to their eatalytu activities in 
(ommcicial synthesis Ko that that is not the onlj criterion in determimug 
the behaviour of catalysts Reference has been made by Mr Hinshelwood to 
the measurement of the ratcof » atalytu reactions, and to the problem of making 
some of the catalytic surfaces reproducible, and I think that one of the impor- 
tant things w( have to consider is how far we can make catalytic smfacis 
reprodueihle either by building up a surface from volatilised metallic atoms or 
by disintegration of a matroirjstalliue solid We know, of course, that theie 
18 a phenomena ft rmc d “ ai tivation ’ Tf we take a piece of ordinary coppe i 
and oxidise and reduce it several times it becomes more and more actiye 
What has happened to it on oxidation and reduction * One can see, at any 
rate, by examining it under the microscope, that the surface has bcsui bioken 
up into smaller and smaller pieces and that is associated with an enoimous 
increase in the catalytic activity The question which arises is whetlu r there 
are changes other than increase in the spcdfu surface and sjiccific ' edge 
length ” that one can associate with that change m < atalytic ac tivity and whicli 
might give us a quantitative measure of the catalytic activity and also indicate 
the lints on which to prott cd in order to get an effcutive catalyst The le aie 
two pieces of woik whic-h have led to some ratlic>r interesting lesnlts in that 
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connection The first concerns the study of the oxidation of copper If we 
oxidise it at high pressures with oxygen we obtain a gradual oxidation follon - 
ing a very simple law The oxide film mi liases so that the square of the 
thickness goes up proportionately with time But if wi lowe i the oxygen 
pressure we find that at a certain critiial pressure this law bieaks down In 
other words, tlu re must be a pressure bilow which the so tailed dilTusion law 
does not hold I n the oxidation of copper at low prossurt s w ith oxvgen w o find 
that when we have a very aetivt topper from the catalytic point of vii w this 
tritical pressure is very high, and there exists a rough proportionality between 
the activity and this pressure The conclusion can be tlrawn that in an active 
copper catalyst the surfate is broken up into a niimbir of minute iratks — 
which are supposed to occur m a great number of soliils— and that when the 
gas hits the surface the molecules of gas flow along the siirfn e and run down 
into th(> cracks, and possibly the more cracks there uie the greater is tin pres 
sure necessary to obtain tlu saturation of the copper surface That sis ms to 
conlirm m a g< neral way the ai tion of aluminium oxide as a promoter in an iron 
catalyst One can also find some evidence for this sort of phenominon in 
the study of the heats of adsorption Originally the heats of adsorption of 
gases on metals was studied as a criterion of catalytic activity by Taylor, and 
he obtained some very interesting curves If we plot the heat of adsorption 
against the quantity adsorbed he obtained the first portion of the curve rising, 
and later a falling off Taylor suggested that the rise m the imtial poition 
was due to adsorption on i viry active patch We have been doing some 
more experiments on the heats of adsorption, using a modified type of 
calorimeter, and the interesting point about the results is that when we take 
an active catalyst the quantity of gas that goes into solution during tlu time 
interval necessary to mi usure the hi at of adsorption is n lativelv great, and if 
one eoiricts for the quantities of gas going into solution in the metal one 
finds that the heat of adsorption is indcpindeiit of the quantity adsorlied 
One gets a series of straight hnes, depending on the speifie acti\itv of the 
catalyst The heat of adsorption of hydrogen on a i atnlyst winch is very 
active 18 something hke 10 000 calories, and in the case of inactive copper it 
IS about 12,000 So that the problem is now more defimte These active 
patches arc not distinguished by a very high heat of adsorption, but the 
whole character of the metal has been i hanged It looks as though we have 
potential energy stored up m an active catalyst which is not present in an 
inactive one 

We have found that the rising portion of the curve obtamed is entirely due 
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to solution, and the rate of solution of many gases is extremely rapid I thi n k 
that 18 a factor we may have to consider in the process of catalysis, especially 
at high pressures 

Mr S J Gbken Chemists up to the present have been gmded in their 
work on catalysis by the older theories, as, for example, the theory of 
chemical constitution, and the deductions from the laws of thermodynamics, 
as apphed to the chemical reaction, and these theories have been supplemented 
by theories of catalysis — particularly the adsorption theory and the chemical 
“ intermediate compound ” theory— to enable us to understand the effect that 
a catalytic agent may have in aiding the usual type of chemical change None 
of these theories provides any giudance to those of us who are more interested 
111 the practical applications of catalysis, m findmg the catalyst we want for 
any particular reaction, and, having found it, to discover what course the 
reaction takes in produemg the final product Alcohol, and many other 
substances, may undergo a number of changes, the nature of which depends 
purely and simply on the catalysts with which the substances are brought into 
contact I would hke to suggest.that modern physics could provide the key, 
and that we may hnd it as soon as pliysicists are less occupied with their own 
problems, or as soon as we as chemists apply modern physical methods It 
18 now many years smee Ehrlich and, later, Fischer, suggested tin* “ lock and 
key ’ analogy to explain the action of enzymes, especially the higlily specifit 
action of these catalysts ’ At that time this analogy could only remain 
a mental picture of the mechanism, without any practical significance Now, 
with the means available of exploring surface and molecular structure, some 
advance would seem well within the practical range If a chemical action 
occurs in contact with a surface which would not happen imder the same 
conditions if that surface were absent, then there must be some relation between 
the surface and the molecules in which it induces a change I would suggest 
that a structural relation exists, on the lock and key analogy, as best explaining 
the specific action of catalytic surfaces , and also that this structural relation 
IS capable of elucidation by X-ray methods The practical point I have in 
mind 18 this Thona, zircoma and aliumna have many actions in common, 
and, of course, some differences It would seem to be worth investigating 
whether the actions m common cannot be associated with features of their 
surfaces in common — the ultimate molecular structure of their surfaces Tlu' 
differences, of course, would also be mstructive, and possibly could be correlated 
with the differences m their catalytic action Likewise, thona is well known to 
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exert very different actions according to the method by which it i« prepared 
The voluminous form, made by igmtion of the nitrate, for < xample, is com- 
paratively inert Could not the difference in the action of the two forms be 
associated with some different e m their surface structures ? 1 suggest that 

perhaps our best hope of answenng the two difficult (questions m legard to 
catalysis- how to find our catalyst, and having found it, how does it ait * 
lies in closer co operation bi tween (hemists and physicists between shall we 
sav. Prof Morgan and Prof Biagg 

It IS worth considering thi results that have been acliieved alreaih in i orre- 
lating surface structure and catalytic action Fiolich Davidson and Pmske 
last year* studied the decomposition of methanol at ordinary piessiire in 
contact with catalysts known to promote its formation at higher pressures 
namely, copper rediited from its oxide at a low temperatiiie 7inc oxide and 
mixtures of these two substances In the first place, coppei and /me oxide 
weie shown to maintain their characteristic ciystal structure in the catilytic 
form — both when pure and when mixed The only apparent siii face change 
produced by the mixing was in the “ unit celt sire ” of the coppeu and rinc 
oxide that is, the distances apart of the atoms of copper and the atoms of 
/me were each altered by the presence of the other in a way that is only 
partially understood by metalluigists At the same time, pure copper induced 
clc'composition of methanol mainly to methyl foimate and formaldcdiyde, 
while zinc oxide promote cl decomposition to caibon monoxide '1 he significant 
frit emerged from the wcuk of these three investigators on mixture s of copper 
anil zinc oxide that an exact parallelism existed between fiistly the variation 
of the copper lattice and the peicentage of methyl formate ( ind foimaldelivde) 
m the decomposition pioducts, .and secondly, between the vuiiation of the /me 
oxide lattice and the percentage decomposition of methanol to caibon monoxide, 
that IS to say, the percentage of formaldehyde and methyl formate vaiicd in 
a manner closely connected with the variation of the c opper lattice, and likewise 
the percentage of carbon monoxide m the products of decomposition vaiied 
with the variation of the /ini> oxide lattice That seems extremely significant, 
and I should like to suggest that our next theory of catalysis will correlate 
surface structure and chemical action in some such way I w oulcl commend 
this line of approach to Prof Bone and Mr Hinshelwood, both of whom have 
made so many interesting observations on surface action 

A question for Dr Newitt In connection with his work on the methanol 
equilibrium to which Prof Bone has referred, did he olieervo the formation of 
* ‘ Ind Eng Chem Eeb , 1929, p 109 
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di-methyl-ether when methanol or carbon monoxide and hydrogen were 
maintained m contact for considerable periods with the catalyst he was using ? 
I suggest that correction for di-methyl-ether formation would possibly raise 
his hgures moic ncnrly to those obtained by Audibert and Rameau 

f)r F A Frli' III At the beginning of the preamble which Prof Morgan 
has picpaiiHl tliei< is a statement which, to put it plainly, is not true 
It IS stated tbit PrissiiK diminishes tin volatility of chemical reagent, 
thus retamiiig them in the hquid phase ” 'I’liat is true only at qmto 
small prosHiiies, and if vou have a liquid m contact with a gas, above the 
critical point nid increase the pressure reasonably, the wlioh thmg will go 
into the hoiiiogi 111 oils phasi 

Prof Mori \t\ T ippreuati* the pomt, but I said in my opening remarks 
that this v\ IS tin oldei use of pressure I cjnite realise that this older method 
has to Bomi' i xtnit been supersedul by the new one, and I only meant that 
the statimint applied within certain comparativelj narrow limits, and 
when all the leagimts weie “in the liquid phase under .itmospheric 
conditions 

The PRhSiDENT Why is it that only a little of the iron, and not the whole 
surface acts in the fixation of nitrogen * 

Mr M P Appirnry I think we tan only say that we know nothing about 
it T always thought it was a question of the irregularity of the surface 

The President Wliether it is a plain surface, or broken up t 

Ml Apii l•BI'^ If the surface is plain, I imagine the atoms are interlocked 
and art not free to make these < ombinations with the mtrogeii, but if the surface 
18 irregular you have partitiilar atoms active, and I havt always considered 
that those particular atoms which stand up make the actual contact 

Mr C N IfiNSHFLWOOD There are two facts about chemical reactions 
of this kind which are important The farst is that we have to supply 
energy to the molecule before it can re-arrange itself , the second is that 
catalj tic actions are very sensitive to the actual structure of the surface It 
18 probable that when the molecules are adsorbed on the surface, there is dis- 
tortion, dependmg on the spacing, and the greater the distortion the greater 
18 the potential energy stored up , therefore, the less the energy which has to 
be supplied to break the molecule up or cause it to be re arranged 
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Prof P G Donnan In connection with what Mr Hiiishelwood has sjiid 
I should hkt to remind you of a verj intcrestinK seius of mvestigations 
on lates of reaction the kinetus of hjdrogenation of various substanti s 
( .lined out b> Mr E R Lush, which showed th.it the viloi itv is pi ojiortioinl 
Ner> .Ktuiaklv to tin scjuan lOot of the hydiogi ii piessiin Klioiit 17 v* ti'' 
ago Mr Sh.ni, of I.iMipool 1 thiiilv we iveie tin first to i!o i1 i mud out 
uiid( 1 iii\ diieitioii i rese u( h on the \tlo< it> of the iidiu tioii of oil 11 u id and 
otlii r substami 8 but oliit uid tspeiuillv b^ hidiogin niidi i piissuic in 
the presence of a nickd catalyst, .iiid it was pointed out b\ Mi Lusli that 
that had shown that tin viloiity wis accuiatily piopoitional to tin s(|uar( 
root That is interesting, benusi it is known tliat tin solubilit> oi absoiptioii 
of Indrogen in metals is piopoitional to the scpiirc loot of the picssun It 
IS (|uite ( 1( ai that 1 he ic ti\e subst me i i- atoiiiu livdiogen 
Ml A (' E( nuoN Oik pait of m\ own woik seems to jiuIk ate* souk thing 
of the soit mentioned b\ Ml flinsliclwood W lie n an anti knoc k fonnstuiicou 
lead compound, is present as vapour it will lombine with oxygen ind piodme 
an active chain breaker but as soon as it conglomerates, so that the paitieles 
become bigger, it becomes less and less active As a single moltnih it is 
active, but when spread out on a laver or mohe ules all the bonds between the 
various molecules get miifualK satisfied and it is no longei aifive 

Di Me\rn) Mitli regaiel to the ve loe ity of hydroge ri itiori it is true that 
undei some eonditions it is piopoitional to the squaie root of the pressure 
but I think til it undei of her conditions it is dircctlv proportional to the pressure, 
and unde i ce rtaiii otlii r e onelitions it is not dire etly pioportional e ithe i to the 
sejuare root or to the pnssiin but to something be tween the two 

Piof l)e)^^A\ The eonditions of the experiments earned out b\ Mr 
Lush mil ]i\ Mr Shaw wen ipiiti difTeieiit, evee pi tliat they bofii used 
me kel as the catalvst iml the law held leeiiiatelv in both eases It ilso 
’held it high piessuies 

The PupsiDiNi Do you think that is a universal law ^ 

Prof DeiNNtN We'll, there was e onsiderabh' variation in the conditions, 
meluding the piessiiiis applied in those two e ases and the results agieed very 
e loseU 

The PiiFsiui'Nr The work was done a long time ago * 

Prof Domnax Mr Shaw'’s woik w'ls done* 17 years ago but I think it was 
done quite as ae ciirately as it would be done to-day The work of Mr Lush 
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was done three or four years ago, and I do not think the technique has changed 
much since then 

Dr E F Armstrono"' It is perhaps appropriate to call attention to and 
emphasise the detailed explanation given of the action of catalyst promoters 
as well as of catalyst poisons m a senes of papers published together with Dr 
T P Hilditch in the ‘ Proceedings’ from 1919 to 192’) Any general theory 
to txplain the action of promoters was found undesirable 'I'lu iru reased 
activity in piesence of the promoter may be ascribed in some cases to causes 
which are essentially chemical rather than physical, m otheis it has been 
shown that a simple mechanical explanation, the development of gnatei 
surface, is most in harmony with the observed facts Nearly U) years’ close 
association w'lth catalysts of veij varied natun both m the laborator} and 
on the large industiial scale, has cominced me that the devclopmi nt and 
maintenance of the maximum of active suiface is the once essential fact con- 
nect<*cl with then activity Impurities present cither during manufactuu or 
introduced with the materials which are to interact, enois in mechanii al and 
physical tieatment during the preparation of the catalyst, have tin i Rict of 
reducing surface and therefore lessening activity The siibsiijiient coursi of 
the catalytic reaction depends cm the concentration of the reactants at the 
surface, on the removal of the products of action from the sin face and other 
obvious factois In reactions involving a gas, picssure me leases the con- 
centration of gas in the active* system at the surface of the catalyst, so that the 
rate of action is propoitional to the pressure, exccpl in ceitain ibnormal 
instances (‘ Proceedings,’ A, vol 100, p 240 (1921) ) 

As an example of the mechamcal mcrease of surface by piomoteis it has 
been shown (‘ Proceecbngs,’ A, vol 103, p 586 (1923) ) that alumina in 
particular and certain other metallic oxides stimulate the action of unsupported 
nickel, owing to the action of the non-reducible oxide in separating the nickel 
particles and preventing them from coalescing 

Increased catalytic activity due to chemical causes is illustrated by the eftett 
of adding copper to a nickel catalyst (‘ Proceedings,’ A, vol 102, 27 (1922) ) 

Very active catalysts are obtained only when the two metals are precipitated 
together m the same complex carbonate molecule Such a compound is 
reduced to metal by hydrogen at 180° C , whereas nickel compounds alone 
require a temperature above 300° C , a possible explanation lieing that the 
reduction of the copper salt is strongly exothermic, so that sufficient local 


Contributed m writing after the disoiission 
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heat 18 produced to reduce the mokel salt Unless there is this close proximity 
— which 18 tilected by nothmg short of combination in tlie same molecule — 
the mckel is not reduced at 180° 

The finely dividul nickel so obtained at the lower iidiaing tempi uiture is 
more active than that prepared at a higher temperature, but it is m no way 
equal in aitivity to nukel adequately distributed on a support In tins 
conneition riference mav bi made ( l*rocecdings,’ A, vol 101, p 591 (1923) ) 
to the fact that m ai id ( 'ctrac ted Kieselgiihr, the lemoval of tin original 
metallii i onstitueiits ttuises the mckel oxide to pimtiatt too far into the 
siliceous strut ture, w'lth the result that it is less atccssible to mluttion and to 
tontact with oil and hydrogtii Deposition on the guhi of a layer of oxide, 
such as alumina, hlls up these inaccessible parts of the diatom structure and 
( auses the supeiimposed lay 1 1 of nu ki I oxide to he placi d in a more favourable 
position for contact action 

In industiv a close study of the means of me leasing and maintaining the 
surface of lath individual catalyst is rcqmsite — there is no mystery attached 
to the problem until the question is .isked why does the reaction go in a par- 
ticular maimer, as evidenced by thi multiplicity of substances to which ethyl 
alcohol gives rise m juesence of difTtunt catalyses within the samt range of 
temperature mid gt neial conditions 

Sir Ri( H CRD Thrv 1 1 ai l, h' It S I have worked for a good many years on 
this siibjttt, and t \ ny tlieoiy I have put forward 1 ha\e been able to destroy, 
and I have in vi i nut anybody who was in any better position 

The Pbe.sidI' nt 1 think Sir Richard has ended the discussion more or less 
on the right note The gn at interest in this subject is due to tlu fact that we 
know HO little about it, and obviously we shall require the combined efforts 
of the physinsts and the chemists, including tliosi engaged m the works, if 
wc are to arrive at a sol ution of these extraordinarily important questions Ten 
years ago we knew nothing of catalytic reactions, but we are now begmmug to 
get some idea and to i cahsc the importance of these things 1 should like to 
exprt ss thanks to those who have taken pait m this discussion, which has been 
exceedmgly mtcrestuig 



The Otigitt amf Nniare of Contis aini ('har'> 

B) Hknr\ K Armistrono, F K S 
(Rpcpi\.d March 16 1910) 

Prof BoiiP and his u> workpja have now leuched a stage m thui sif’>tenuitic 
study of the coal substance tlicir results are so lemarkable and signihcant — 
that it may b( to the advnnt igc of further inquuy to tonsidei vi ry bru Hy 
the evidf u( e we liave of tin procei>'> luvolvcit ui the foimatioii of coals 
The luquiiy has too long been left in the unassisti d hands of tlu geologist and 
palsoo-botaiust, and only beneht e an accrue to it if tin outlook be not only 
widened but inaeh pre'cise 

The prnlildTi of tin natuie of coal has ixen in my thoughts sineo early m 
the ’70 s, win 11 I grasped the meaning of 1‘astcui s most remaikablo elemoii- 
stration that moist sterilised sawdust is not oxieliscd by exposure to oxygen 
that ordinal^ vegetable decay is the outcome of bacterial ai tioii 
At about the same time, 1 read the Rev Charles Kingslevs book, ‘At 
Last,” a fh‘S( nption of lus voyage to the West Indies, of Tnnidael, m particular 
He calls spi ( lal attention to tlu way in which fallen trees decay in tlu forest — 
the wood rapidly rotting away, onlv the outer bark ii niaimng 1 was able to 
serify this mysilf years later, in noith wist (‘auada enti nng the foiest anil 
straying from the path, on attempting to climb o\<i what appeared to be a 
sohd tree trunk one fell in through the slull of bark whuh alone k manual 
From the eaily ’80’s onwards I had many oppoitiimties of stiidving tlu oiK 
obtameel on carbonising i oals nt low temperature's Nothing is moie striking 
than the laige proportion of phenolie (benzenoid) eompouiids, eresoLs in par- 
ticular, prefM'iit in these distillates The Hmperatures at which they are 
preKliiced arc so low relatively, that these tompounds cannot well be otherwise 
than “ precontaiiied ” m the <oal It has long liein known that a certain 
proiMiition of nullitie acid, can be obtained by oxidation of char- 

coal , it was clear therefore, that highly complex beti/ene de rivatives could 
bo fonned dining tlu < hange into coal, as such compounds art not known to 
occur 111 wood, although these contain phenohe derivatives 

Geologists generally have regarded coal as mainly the decayed remains of 
an arboreal and swamp vegetation, and they have suppose d that resinous spores 
are often an important constituent Piof Huxley, in paiticulai, in his 
celebrated lecture on Coal (1870, ‘ (Collected Essays,’ vol 8), lays great stress 
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on the importance of these latter and supposes them to be the origm of the 
yellow material m coals He speaks of anthracite coals as consisting of 
“ carbonised substance ” without the yellow material Huxley’s picture of 
the changes effected is a simple one — 

“ The mixed heap of spores, leaves and stems in the coal forest would be 
persistently searclu d bj’ the long-coiitmued action of air and ram , 
the leaves and stems would gradually be reduced to little but their 
carbon, m otlii r words, to the condition of mineral chanoal m which 
we lind them, while th< spores and spoiangia nniaimd as a com- 
paratively unaltered and t oinjiai t residuum ” 

Leavis and stems, imdei natural londitions, are not ml need to little 
but their carbon ” inevitably, the carbon also goes until nothing oigamc 
IS left 

If coal were but modihtd wood, how tiuii had the wood been piestivod and 
changed into coal* The only explanation m accoidaTue with observation 
seemed to be that the “ law material ” had at least lieeii collected iindei water 
away from oxygen Coal could not well be the outcome of a mere oxidation 
process, whatever the nature of the changi Further light was thrown upon 
the problem when it was shown that, if ‘cellulosic” mateiiU were heated to 
a by no means high Icmperature, in a closed vessel, it was conxerted into a 
coal-like substanci After all, charcoal is so prepared Even more stiikmg 
IS the production of a black char m the modern pro< ess of cracking ” petroleum 
hydrocarbons under high pressure, esiieeially as the char is obtamcel even from 
bght distilled hydrocarbons 

The organic chemist can but reflect upon caibou itself My speculations on 
carbon have been carried so far that I have even questioned the existence of 
elementary carbon in mori than one form, that of the diamond, particularly 
m two Essays written for the Manage rs of the Royal Institution upon the work 
of Sir James Dewar Even graphite always tontains a small propirtion of 
hydrogen— though scarcely enough peihaps to permit of our assuming that it 
is a hydrocarlion As a matter of fai t, at present, we know very little of the 
chemistry of the elementary substance carbon Maybe the amoiphous caibons 
are but incompletely crystallised graphite Largely on optical grounds, I 
have gone so far as to suggest that graphite and other black carbons may be 
composed of two distinct forms of atomic carbon — a view to which Frof Bone’s 
observations lend no httle support A question of importance to be considered 
will be, whether chars bo actually or merely potentially benzenoid , the absence 
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of naphthalene and anthracene derivatives from the oxidation products is 
very remarkable 

As long as the deposit be not of excessive thickness, it may be possible to 
assume that a coal has been produced tti mtv and is mainly of arboreal origm 
This becomes impossible when the seam is of the excessive thickness of some 
of the Australian deposits, such as the Morwell Brown Coal As perhaps at 
Valdai no, the glacial plough mav have forced down great masses of 
suiiounding vegetation (Wcllmgtonia ') into a natural cavity Tin extent to 
which p»at was thi original material laid down has also to be (cmsidorcd, 
this, appaiently, may grow to a considerable tluekncss 

Hhales have to be explained as well as coals Unlike most coals, these 
contain a large admixture of earthy matter Their composition, too, must 
be diffc n nt from that of the average coal— as they often yudd a high percentage 
of parafhii wax on distillation, a substance rarely present m more than small 
amount m low tc'mpcrature tars Tlic‘ origin of shales is probably not far to 
seek When sea-water plankton is examined it is usually rich m unicellular 
organisms eae h of which contains a big fat globule The raw material of the 
shales maj we 11 have been fat be*armg diatoms, algai and similar organisms 
growing in sw amp pools Some* coals the highly bituminous are conceivably 
mixtures of arboreal and jieaty vegetation with such “ algal ” growths built 
up in marshy pools The Kimmeridge beds present a lemarkable alternation 
of thin layers of limestone with clay-shales rich in organic matter I am not 
aware of any evidence of arboreal growth in the senes The deposits need a 
far eloser examination with the aid of the chemist 

Finally, we have to think of vegetable humus formed within the soil - as a 
material on the way to coal, carbonaceous materials, such as sugar, we know 
are easily condensed and carbomsed , there is evidence that such products 
are m part benzenoid The true anthracites are, perhaps, formed from peat 
alone 

This last year, for the hrst time, 1 had the opportunity of insjacting a deposit 
of hgmte, at Valdaino, in Tuscany, of such a character as to h avi no doubt in 
my mind that the original material was wood pure and simple Evidently, 
at some time, a great forest had been swept down into the lake — not gradually 
but suddenly, as the deposit was not mixed with earthy matenal The woods 
were to be seen m various stages of transformation — the walnut m places 
was still wood whilst the oak was coal I there and then made up my mmd 
fimliy that coal was no mere residue but an organically re wrought “condensed ” 
matenal, largely a synthetic artefact — a natural Bakehte ' The conception 
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had long been floating in my mind 1 put this oonclosion on record m the 
account I gave of my visit Bakehte, now so largely used as an insulator, is a 
material formed by condensing, as it is termed, phenol and its homologues 
with formic aldehyde In this material, many molecules of a simple benzenoid 
are Imked together by means of formaldehydrol, CHj(OH 2 )-- the links being 
single carbon atoms carrymg httle hydrogen , even this is for the most part 
removed from chars The striking results obtained by Prof Bone and his 
colleagues all serve to support such a view It is clear that the work opens 
up a great future, one that will need systematic and long continued study 
m many directions At present, discussion may best bo limited to the broad 
conclusions now set forth 


The Optical Rotatory Power of Quartz on either side of an Infra-Red 
Absorptwn Band 

By T M Lowrv, F R S , and C P .Snow 
(Received December 13, 1929 ) 

Drude’s equation for natural optical rotations depends on the existence of 
‘ ions ” of characteristic frequency, of which each type contributes a partial 
rotation to the total rotatory power of the medium There is nothing m the 
equation to hniit the range of these frequencies, but in discussing the rotatory 
power of quartz (the only substance for which sufficient data were then avail- 
able), Drude himself concluded that the kmds of ions whose natural periods 
lie in the infra-red are inactive ” (‘ Physical Optics,’ 1907, translation, p 413) 
An alternative view was put forward by R W Wood, who concluded that a 
“ spunous ” anomaly could be produced m colourless media by the combmed 
influence of an infra red and an ultra violet absorption band ( Physical 
Optics,’ 1919 edition p 492) , and C E Wood and Nicholas* have applied 
the same theory in the hope of deduemg the configuration of the molecule 
from the sign of an infra-red term of which the existence is not yet established 
by experiment Experiments on these lines have, however, already been made 
by Ingersoljf who found that the rotatory powers of a series of t)q)ical 
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* ‘ J Cliem Soo p 1671 (1028) 
t ‘ Phy» Rev vol 0, p 267 (1917) 
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compounds decreased progressively m the mfra-red r^on, nght up to the hmit 
of transparency of the medium This expenmental result is m agreement 
with the ooncluMons of Kuhn (private commumcation, cf ‘ Z Phys Chem 
B, vol 4, p 14 (1929), who anticipates that all rotations will dtmtntsh asympto- 
tically to zero in the infra-red , but it is directly opposed to the theoretical 
deductions of the authors cited above, whose diagrams represent the rotations 
as increastfi^ asymptotically to ± oo on approaching a characteristic frequency 
in the mfra-red Moreover, since the rotatory powers of hnonene and pmene 
decrease progressively, even when passing through a region which mcludes 
three absorption bands, it is clear that the phenomenon discovered by Cotton* 
in coloured organic compounds is not reproiluced in those mfra-red bands 
In the case of quartz, the eindence hitherto available is somewhat contra 
dictory Thus, although Drude’s equation for the rotatory power of quartz 
did not include an mfra-red term, the increased number of arbitrary constants 
which was required to represent the moie accurate measurements pubhshed 
m 1912 (‘ Phil Trans ,’ A, vol 212, p 261) was provided by assigmng a small 
value to the infra-red term which Crude had supposed to be non-existent 
The characteristic frequencies which Crude had deduced from the published 
data for the refraction and selective reflection of quartz were, however, letamed 
for all the terms, and no attempt was then made to derive them directly from 
measurements of optical rotation This limitation was finally removed when 
it became necessary to find a new equation to express the much more accurate 
and extensive measurements which were published m 1927 t It then appeared 
that the rotatory dispersion of quartz could be expressed over a very wide 
range of wave lengths by means of two vUra-inokt terms and a small constant 
term This constant term, of which the theoretical sigmfacanui is still open 
to question, was, however, less than 1 per cent of the rotation m the yellow 
and less than 0 1 per cent of the rotation m the ultra violet at 2300 A U 
The rotations observed in the ultra-violet have smee been extended as far as 
1864 A U by Cuclaux and Jeantet,^ with the help of a plate of quartz with 
a wider range of transparency than the crystal from which the rods of our 
long column had been cut , but it appears probable that these additional data 
could be covered by a small modification of the two ultra-violet terms, and it 
u unlikely that the small constant term, which has replaced the hypothetical 
infra-red term of the earher equation, would be modified to any marked extent 


* ‘ C B.,’ voL 120, p 1044 (1806) , ‘ Ann. Chim. Phys ,’ vol 8, p 247 (1896) 
t Lowry and Goode Adams, ‘ Phil Trass A, voL 226, p 391 (1927) 
t ‘ J Phymque,’ vol 7, p 200 (1920). 
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m thu prooesM It ih therefore, an exiguous task to extract from the existing 
expenmeutal data any valid evidenoe of the existence of an optically-aotivo 
infra-red term , and it m impossible to derive from them aiiv information as 
to the characteristic freqiiemy of such a term, even if its existence should be 
admitted The object of th< present experiments, therefore was to extenil 
both the ac< urac\ and the rangi of the observations m the infra red region 
to the extreme limit of the gi«>atly improvid cxpennu'ntal mithods that art 
now available and thus to siciiie, if possible a clear answer to this miioh- 
th'batetl question As a icsiilt wt have obtained convincing proof of the 
optical-inactivity of one infra-rtd absorption band, and indirect evidence that 
the activity of the others, if it exists at all, is too insignificant to be demon- 
strated cxpi rmientally, at least until some novel method of investigation is 
discovered whuh will maki it possible to measure rotations in a region which 
IS now mucccsHible to experimental work 

Table 1 Hotalon l*owei of Qiiait/ iii tin liifra-nd 
Kiist senes 180d0 to 2H<1(M» A U 


Wave length 


Kotalion jsir imlliract ro 


Utweived 


Calculated 


Difieremc 


18000 

ISllM) 

18200 

18300 

18400 

ISflOO 

18000 

18700 

18800 

18900 

19000 

19100 

19200 

19300 

19400 

19(500 

19000 

19700 

19800 

19000 

20000 

20100 


20400 

20800 

20800 

20700 


1021 

1012 

1000 

987 

970 

951 
941 
92 1 
017 


879 

808 

849 

810 

829 

810 


2 001 
2 02S 
2 014 
1 988 
1 900 
I 940 
1 919 
I 898 
1 870 


2 O >9 I 0 002 

2 025 M> 00 1 

2011 10003 

1 087 t-0 001 

1 902 f-0 (X) 1 

1 929 I 0 001 

1 910 (-0 002 

1 893 hO 005 

I 870 f-0 000 

I 848 + 

1 826 I 0 001 

1 805 -0 002 

1 785 fO 004 

I 766 f-0 006 

I 746 I f-0 003 

1 726 +0 002 

1 707 f-0 004 

1 688 , f-0 006 

1 669 ' J-0 001 

1 660 -0 003 

1 631 r 0 002 

1 612 i 

1 694 I 0 004 

I 676 f-0 006 

1 569 ; +0 003 

1 542 4-0 002 

I 525 -f-0 003 

1 508 I +0 002 

3 2 
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Table I — (continued) 


Wave length 


Total 

rotation 


20800 

20900 

21000 

21100 

21200 

21300 

21400 

21600 

21600 

21700 

21800 

21900 

22000 

22100 

22200 

22300 

22400 

22600 

22000 

22700 

22800 

22900 

23000 

23100 

23200 

23300 

23400 

23600 

23600 

23700 

23800 

23900 

24000 

24100 

24200 

24300 

24400 

24600 

24600 

24700 

24800 

24900 

26000 

25100 

26200 

25300 

26400 

26600 

25600 

26700 

26800 

26900 

26000 

26100 

26200 


602 

695 


016 


4«1 

470 

472 


461 


Rotation per millimetre 


Obeerved ' Calculated Difference 


I 


1 494 
1 480 
1 461 
1 400 
1 429 
1 417 
I 400 
1 381 
1 373 


1 312 
1 290 
1 284 
1 268 


I 199 
1 188 
1 173 
I 160 
1 166 
1 142 
1 127 


I 099 
I 087 
1 074 
1 068 


0 001 
0 942 
0 929 
0 922 
0 913 
0 900 


0 888 
0 883 
0 872 


I 


I 


1 476 
I 460 
1 444 
1 428 
1 413 
1 308 
1 183 
1 368 
1 303 
1 338 
1 324 
1 310 
1 296 
1 282 
1 260 
1 207 
1 246 
I 233 
1 221 
1 200 
1 197 
1 186 
1 173 
1 161 
1 149 
1 137 
1 126 


1 093 
1 082 
1 072 
1 062 
1 002 
I 042 
1 032 
1 022 
1 012 
1 002 
0 902 
0 983 
0 974 
0 066 
0 066 
0 047 
0 938 
0 920 
0 920 
0 911 
0 902 
0 893 
0 883 
0 870 
0 867 


I 0 002 
+0 004 
+0 001 
fO 006 

f-0 001 
+0 004 
fO 002 
-0 002 
j-0 006 
+0 003 
+0 008 
+0 003 
+0 002 
+0 003 
+0 002 
-0 001 
+0 001 
+0 006 
+0 010 
+0 006 
+0 004 
i 0 002 
+0 003 


± 

-0 001 
+0 006 
I 0 006 
+0 001 
+0 006 


± 

' +0 000 

1 +0 006 

+0 002 
+0 006 
I fO 008 

I +0 012 

1 +0 004 

I +0 003 

1 (-0 004 

-fO 001 
' +0 006 

+0 004 
+0 008 
' I 0 008 

I +0 003 

fO 004 
+0 004 

+0 002 
1 +0 002 

' +0 003 

I +0 006 

! +0 006 

+0 008 
1 4-0 005 
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0/}ti(aI Rotattn y Potver of Qiinit' 


'I’abk 1 (aintinuod) 


AVa\(> lpii)(th I 

I 


iiin pet iiiilliinLi 
( '«1« iilatisil I 


26300 

26400 

26500 

26600 

26700 

26800 

26900 

27000 

27100 

27200 

27300 

27400 

27600 

27600 

27700 

27800 

27900 


0 860 
0 866 
0 848 
0 842 
0 831 
0 826 
0 813 
0 806 
0 800 
0 791 

0 779 
0 774 
O 765 
0 760 
0 762 



O 8.15 
O 827 
0 819 
0 811 
0 803 
0 796 
0 780 
0 782 
0 776 
0 768 
O 761 
0 764 
0 747 
0 740 


^ 0 001 
I 0 006 
I 0 005 
-I 0 007 
f 0 004 
, 0 006 
LO 002 
I 0 006 
1-0 004 
(-0 004 
t-0 006 
fO 004 
1 0 006 
I 0 004 
I 0 006 
f 0 005 
hO 006 


Table II Rotatoij Powei of Quartz m the Infra n d 
Second senes S 1800 to 12100 A U 


Wave length 

Total 

Rotation per nuUimetre 

rotation 







Obeerved 


Caloulated | 


31800 

207 

0 637 


0 628 


31900 

202 

0 620 


0 622 


32000 

260 

0 625 


0 616 


12100 j 

287 

0 520 


0 610 



-f-0 009 
4-0 007 
I 0 009 
+0 010 


Experimental 

The column of quartz was the same as that used m the earlier experiments ♦ 
In the meanwhile, however, the column had been taken down, m order to 
test the transparency of the separate rods to ultra-violet hght of w ave-length 
less than 2250 A U , and had been reassembled with the rods in optical contact 
The rotation at 1 9 995° C (corr ) of the whole column for light of wave-length 
5460 742 was then found to be nn -f 78 93°, as compared with the value 
70:: -f 78 96° at 20°, recorded previously 


* Tjowry and Coode-Adsms, loe cU 



‘27<i T M TiOwry and r P Snow 

'I lio oiirlu'r work covormR th<* rang«> from IWO<l to 25170 A I dfpndc'd 
oi\ (lotormminj? tlir wave-lengths at which the rotatory power of the column 
of ([uartz 18 an integral multiple of 90° as indicated l»> observations of maxima 
and minima when the radiation from a Nernst glower was passed through the 
quartz tolunm between crossed or parallel Nicol prisms In extending the 
readings to longer wave lengths, however, it was desired to use a method which 
would be independent, not onl\ of the varying slope of the emission-ciirve, 
l)ut also of mmoi irregulantuvi in that curve 
The instrument used for this purpose was the grating spectrometer descnlied 
by Snow and Taylor * The gas tubes were replaced b> a simple polanmeter, 
reading by means of a veriinr to 0 1' On anount of the greater length of 
this instrument the soun e of radiation had to be moved back about tO ems , 
but a parallel beam was made to pass through the quartz column (in exactly 
the same way as it had passed through the gas-tubes) with the help of a concav e 
mirror with the Nernst glower at its focus Since mtensity of radiation rathei 
than high spectroscopic purity was reejuired, the width of the sht by which 
radiation IS admittid to the grating was increased from 0 2 mm to over I 0 mm 
For the same reason the galvanometer was kept at its maximum sensitivity 
(10"*^ amps per deflection of 1 mm , with the scale at 1 metre distance) 
Readings were taken at intervals of 100 A U At each wave-length, the 
angle was observed through which the analyser had to he rotated in order to 
give a maximum deflection The accuracy of the nuthod depends on the 
following factors — 

(i) The adjustment of poliinsei and anal)ser to give a maximum deflection 
with no quartz in the path of the beam 
(u) Setting lip the quartz colimin between the polarise r md analvser with 
the help of a reflecting eye-pieoc, to give the correct rotation for mere ii tv 
green Ught 

(ill) A constant sensitivity of the galvanometer, since, if this vanes from 
minute to minute, readings for different positions of the analyser camiot 
be compared In onler to avoid errors from this source the readings 
for each setting of the analyser were compared with those for an 
arbitranlv chosen setting for the same wave-length , m this way anv 
vanation in intensity was at once detected 
(iv) The magnitude of the galvanometer-deflertions at each wave-length 
In practice, the maximum deflection varied from 100 mm at 21000 A U 
to 10 mm at 27900 A U 

♦ ‘ Roy Soc Proc A, voL 1SS4, p 4« (1W9) 
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The readings are m two series. The first senes (Table I) covers the range 
from 18000 A U up to 28000 A U , where the close proximity of an absorption 
band made it impossible to proceed further, even when workmg at mght and 
with the galvanometer at its maximum sensitivity The second senes (Table 
II) depends on the existence of a narrow “ window ” on the other side of this 
absorption band, where the quartz was sufficiently transparent, over a range 
of 300 A U only, to transmit enough radiation to deflect the galvanometer 
through about 10 mm wlien the analyser was set to the most favourable 
position for transmission Beyond this point further readings were impossible, 
since the transparency of the quartz was even less than at the maximum 
of absorption at about 30000 A U Smee the rotatory power of quartz has 
already fallen to 0 5° per millimetre at 32000 A U , accurate readings in this 
region can only be obtained by makmg use of a long column , the usual device 
of reducing the length of the column, in order to compensate for its growing 
opacity, IS therefore of no great value, and in our opinion further progress 
in the direction of longer wave lengths is absolutely barred, so long as we are 
limited to the methods of measurement that have been used hitherto 
The accuracy claimed for the observations is about d: corresponding 

to an uncertainty of ± 0 01° in the rotation per millimetre , but a comparison 
of the observed rotations in Table I with these calculated (as before) from the 
formula 

_ 9 5639 _ 2 3113 ^ 

* X» — 0 0127493 X* - 0 000974 


shows that this is approximately the maximum deviation, and that individual 
groups of readmgs are actually consistent within about 1°, since the systematic 
error is almost constant at + 0 003 d: 0 001 over the range from 18000 to 
28000 A U Thus the average deviation m successive groups of 10 readings is 
as follows " 


Wave length 

Average diUerenio 

Wave length ■ 

Average diSeicuoe 


^ per mm 


+roo^ 

1 8 to 1 89 

+0 0027 

2 4 to 2 49 

1 9to 1 99 

+0 0021 

2 6 to 2 59 

^ 0 0029 

2 0 to 2 09 

+0 0028 

2 6 to 2 69 

+0 0048 

2 1 to 2 19 

+0 0031 

2 7 to 2 79 

+0 0060 

2 2 to 2 29 

+0 0033 

3 18 to 3 21* 

+ 0 009 

2 3 to 2 39 

+0 0030 




Four reading! only 
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The observations set out m Tables I and II give no indication of a Cotton 
effect in the neighbourhood of the absorption band at 30000 A U , and provide 
conclusive evidence that this band is optically-inactive It is more difficult 
to decide whether the rotatory power of quartz in the region of transparency 
from 28000 to 1860 A U is mfluenced by the more intense absorption bands 
which are known to exist at 8 6, 9 0 and 20 7 p, and on which Drude based 
his use of an infra-red term, with Xq* = 78 22, in calculations of the refractive 
indices of quartz The deviations from the 1927 equation as now disclosed 
are as follows — 


Wave length | 

Deviation | 

Infra red term 

lu 

6707 

-0 0008 

[-0 173] 

18000 

-i-0 003 

[-0 178] 

27000 

+0 005 

[-0 189] 

32000 

-i-0 00« 

[-0 197] 


It IS noteworthy that, although the rotation per millimetre has decreased from 
202“ to 2263 A U , to 0 62“ at 32000 A U , so that the small constant fmally 
contributes 30 per cent instead of only 0 1 per cent of the total rotation, the 
deviations shown above are still withm the limits of acknowledged expen- 
mental error and therefore serve to confirm the essential accuracy of the 
formula 

The partial rotations due to the infra-red term of the 1912 equation, as 
shown in the last column of the preceding tabic, increase from — 0 172 at 
zero wave-length to — 0 197 at 32000 A U , whereas the constant term of the 
1927 equation amounts to — 0 1906“ per imlhmetre throughout Smee the 
infra-red term is negative, and becomes more important as the wave-length 
18 mcreased, its effect is to depress the calculated rotation to a growmg extent 
in the infra-red On the other hand, the deviations set out above, if they have 
any real significance, mcrease from 4- 0 003° per millimetre at 18000 A U 
to -f- 0 009° per milhmetre at 32000 A U , showing that the calculated values 
are already decreasing rather too rapidly The introduction of an infra-red 
term in place of a constant would therefore increase, and not diminish, the 
deviations In these circumstances, any further readjustment of the 1927 
equation can very well wait until the deviations in the far ultra-violet, disclosed 
by the work of Duclaux and Jeantot, have been confirmed by a new senes of 
precise measurements in the difficult region of the spectrum between 2260 
and 1860 A U 
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Study of Mectiolyttc Dissociation by the Raman Effect 
T — Nitric Acid * 

By I Ramakbishna Rao, MA, PhD, Bezwada Research Ffllow, Andhra 
University 

(Coinmunirated by 0 W Richardson, F R S — Received Jaminr> 20, 19W ) 
[Plat® 1] 

] Inlroductuyu 

In a recent discovery Ramanf found that when monochromatic li(?ht of 
frequency v is incident upon a substance, the scattered light contains not only 
light of the original frequency v but also hght of modified frequency v^, and the 
difference in frequency between the two corresponds to an infra red character- 
istic frequency v, of the molecules constituting the substance Thus a new field 
of work has been opened up, m which the infra-red characteristic frequencies 
of molecules can be determined with as much precision as is possible in the 
visible and ultra-violet regions of the spectrum The present investigation 
has shown a further possibility of the new discovery On studying the Raman 
effect m solutions of mtnc acid at different concentrations, the author was able 
to trace the progress in the electrolytic dissociation of the acid by measuring 
the changes in the intensities of the Raman hnes due to the undissociated 
molecules and of the ions Thus the method not only gives direct evidence of 
the phenomenon of dissociation, but enables the determination of its amount 
as accurately as is possible in the measurement of intensities of spectral lines 

The only defect of the method lies in the fact that it cannot be extended to 
those electrolytes that do not show any Raman lines The purpose of the 
present commumcation is to describe the results with nitric acid 

2 Exfenmental Method 

By far the best method of studving the Raman effect is that suggested by 
Wood.t for it not only gives a greater amount of scattered light, but the exact 
collimation, which is important for gettmg the largest amount of scattered 
hght mto the spectrograph, is made much easier In the present investiga- 
tion, Wood’s arrangement is used with slight modifications in the expenmental 
• A prelumnaiy note of this was given m ‘ Nature,’ vol 124, p 762 (1929) 
t ‘ Ind J Phys ,’ voL 2, p 387 (1928) 
t ‘ Phil Mag ,’ vol 6, p 729 (1928) 
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tube containing the hqmd to be studied The form of the tube adopted is 
represented in fig 1 It consists of a glass tube one end of which is bent into 
a horn with an opening at the top At the 
other end is attached a narrower glass tube 
whose ana exactly coincides with the axis 
of the wider tube, and which has a clear 
Pio 1 glass bulb blown at its end The bulb is so 

made that there are no irregularities in its 
surface such that a distant hght source is seen perfectly undistorted through 
it A small glass bead is melted on to the sloping wall of the horn as nearly 
along the axis of the tulie as possible Leavmg the central portion of the tube 
equal in length to the length of the mercury arc, the front portion of the 
bulb, and the glass bead, the whole of the apparatus is blackened with black 
enamel The tube is surrounded by a water jacket made of glass for 
circulation of cold water 

The mercury arc, specially constructed by the llowittic Electric Company 
for work with the Raman effect, is placed above this tube containing the 
liquid and as near to it as possible The arc is run on 200 volts at a current of 
'I amperes The horn, drawn at one end of the apparatus, enabled all back- 
ground illumination to be ehminated The narrow glass tube between the 
glass bulb and the wider tube prevented stray hght from the walls of the 
apparatus from entering the spectrograph The glass bulb not only eliminated 
the use of any cement for attachmg a glass plate to the end of the tube m its 
place, but it formed a liquid lens to focus the scattered light ou to the sht 
of the spectrograph Thus the use of an additional lens, which absorbs part 
of the scattered light, is avoided 

To use the spectrograph to the best advantage, the glass bead melted on to 
the slopmg wall of the horn along the axis of the tube is essential The 
scattered hght being very feeble, the focussing on the sht of the spectrograph 
18 difficult without it The glass bead is illuminated by a diffuse electric lamp 
placed near it, and the spectrograph is now adjusted so that the pomt imago of 
the bead as formed by the lens of the glass bulb is on the slit The mclination 
of the spectrograph is so changed that, on placing the eye at the position where 
the spectrum is formed, the whole field of view of the camera appears illumi- 
nated The best position of the spectrograph is that m which the intensity of 
the light from the bead as seen through the camera is a maximum 

To get the largest amount of hght from the mercury arc mto the scattermg 
substance, two aluminium reflectors are used, one above the arc and the 
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other below the tube loiitainuig the liquid under investigation With Hilger s 
oonstant deviation glass spectrograph, an eiqiosure of 3 hours with Ilford 
i8o-zenith plates enabled even the faint Hainan lines in nitnc acid to be recorded 
clearly For accurate measurement of the wave-lengths of the lines, a copper 
arc 18 used for the eoraparison spectrum and the measurements arc made with 
a micrometer reading to 0 01 mm The wave-lengths are calculated by the 
usual Hartmann s interpolation formula 

It 18 not found necessary to distil the liquids in vacuum so long as there are 
no fluorescent impurities and they are comparatively free from dust The 
onlv effect of small traces of dust is to increase the intensity of the unmodified 
line 8 m fhc scattered hght which come out very dark in the negative 


3 Rrsultn 

Table 1 i ontaius the results of measurements of the Raman hues with oon- 
( nitrated lutnc acid (CD jx'r cent acid) Tn the first column are given the 
wave-lengths of the i xoitmg mercury lines The second column contains the 
wave-lengths of the Raman hues corresponding to these original Imcs, and 
their approximate relative intensities are mdicated in brackits The wave- 
numbers of these two sets of lines are given in columns 3 and 4 The fifth 
column represents m wave-numbers the diffeuenoes between the exciting hues 
and the corresponelmg Raman lines, and the reciprocals of these differences 
giving the infra-red characteristic wave-lengths of mtric acid are given m 


column 6 

All 

Table 1 

•'iiii 


Jy 

Al K 

ll 

u 


.»-■ ' 

cm 

i 9^61 

4040 (1 

4420 0 (0) 

, 2470 » 

23656 

1049 


4046 0 

4274 0(0) 

247ir, 

23396 

13(61 

1 7 04 

4368 0 

4483 3 (1) 

22617 

22296 

03S 

, 15 07 

4358 6 ' 

4462 8 (2) 

22917 

22252 

685 

14 00 

4368 6 

4548 3 (4) 

22937 

21980 

967 

lO 45 

4368 0 

4506 8 (12) 

' 22937 

21891 

1040 

9 50 

4368 0 

4680 3 (0) 

22937 

21827 

1110 

9 00 

4868 0 

4620 3 (13) 

22937 

21638 

1209 

7 69 

4040 0 , 

4049 2 (00) 

24706 

2160 J 

3202 

i 12 

4046 6 1 

4676 0 (00) 

1 24706 

21384 

3321 


4046 0 1 

4668 3 (6) 

' 24706 

21278 

3427 

2 92 

4046 0 

4720 2 (l) 

24705 

21180 

3625 

2 83 

i 

4746 U 

L , 

2m60 ! 

to 

3639 

1 2 76 

i __ 
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From spectra token with NaNOj, NH^NOj, and KNO3 solutions the Raman 
lines corresponding to the NO," ion are identified as those with wave-number 
differences of 638, 686 and 1016 cm corresponding to infra-red absorptions 
at 16 67, 14 60 and 9 66 p respectively The one at 9 66 p is the most 
intense of the three, both in HNO, and in the solutions of the nitrates, and of 
identically the same wave-length m all of them The three hnes with wave- 
number differences of 3202, 3427 and the band 3439 to 3526 belong to water 
Thus the rest of the Raman hnes with differences 967, 11 10 1299 and 3321 
cm must belong to the undissooiated nitric ai id molecule, as there is no 
other molecule present 111 the liquid 

4 Electrolyhc Dt^soctalton in N line ictd 

Plate 3 shows the Raman spectra taken with various concentrations of 
nitnc acid m water Fig 1 m the Plate is with pure concentrated mtne acid 
containing 66 per cent acid, and figs 2 to 7 correspond to 58 6, 48, 39, 29 2 
19 5 and 9 7 per cent concentrations of the acid respectively Fig 8 is the 
spectrum for pure redistilled water 

These spectra are taken with exactly e<|unl exposures of 1 hours each The 
amount of light from the mercury arc incident on the hqmd is kept constant 
by keeping the distance between the tube contommg the solution and the 
mercury arc exactly the same for all of them The alumimiim reflectors are 
also m the same position for all the exposures By regulating the flow of cold 
water through the jacket surroundmg the experimental tube, the temperature 
of the solutions was maintained the same for all of them within a variation of 
2° C The average current through the mercury arc was 3 amperes with a 
variation of not more than 0 2 ampere The voltage drop between the terminals 
of the arc was 140 volts with a maximum variation of 3 volts on either side 
Thus, on an average the energy consumption of the arc could not have varied 
from one exposure to another by more than 4 or 8 per cent 

Thus all the spectra are taken under identical conditions as fat as practicable 
Any variations in the intensities of the Raman hnes must be due to the 
dilutions themselves and not to any other circumstances It is clear from 
hgs 1 to 7 that the Raman hne at 4566 8 A U found in mtnc acid and mtrates 
increases m mtensity with increasing dilution of the acid, while the hne at 
4620 3 A U , which is absent m the mtrates and which must therefore be due 
to the excitation of the undissociated HNO, molecule, dunmishes in mtensity 
These changes mdicate clearly that, while the number of NO," 10ns, givmg 
nse to the Raman line at 4666 8 A U , mcreases with moreasing dilution, the 
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number of undissociated HNO^ molecules, giving rise to the line at 4620 3 A U 
dimmishes with increasing dilution of the acid This is ch ar evidence of the 
electrolytic dissociation of nitric acid 

To get an idea of the intensitv variations with acid < oncentration of these 
two lines, the mtensitv records of the different spectra taken with a Moll’s 
raicrophotometer are represeiiteil in fig 2 Th< horizontal line at the top of 



Fio 2 — Miorophotometno Intensity Curves of Raman Spectra, taken with diminishing 
oonoentration of nitno acid 

each curve along which the number of the curve is marked lepresents the zero 
line for that curve, which corresponds to complete blackening of the photo- 
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graphic plate The intensity changes indicated above m the actual spectra 
of the two Raman Imes are very clearly demonstrated by these mtensity curves 

The maxima marked with downward arrows correspond to the undissociated 
HNOg molecule, and then: intensity diminishes so rapidly that they almost 
disappear m the fourth curve corresponding to a concentration of 39 per 
cent Thu maxima denoted by the upward arrows are for the NOg" hues and 
they very rapidly mcrease m intensity up to 39 per cent concentration They 
then dimmish again showing that, whereas for the first few dilutions the dis 
sociation mcreases much more rapidly than the dimmution m concentration, 
resulting m a larger number of NOj" ions, after a certain stage, the increase 
m dissociation becomes less in proportion to diminution m concentration of the 
ions Thus the curves indicate that the intensity of the nitrate Imes increases 
at first and then diminishes agam 

In the curves 3 to 5 the intensity maxima have reached very nearly the zero 
line In these three curves even the continuous spectrum, which is also 
present m the direct mercury arc, is very prommeut The unmodified Imes 
of the mercury arc spectrum are also very mtense in these spectra showing 
thereby that the classical scattermg also mcreases very much with the dilution 
of the acid 

Though the author has used the same mtrio acid and the same redistilled 
water, neither of which shows a conspicuous continuous spectrum, in the 
scattered light, as is seen from figs I and 8 of Plate I, this continuous spectrum 
mcreases in intensity m the same wa} as the Ramaii hnes corresponding to 
the mtrate ion An explanation of this obviously seems to be that the mtensity 
of the classical scattering also mcreases with mcreasmg ionisation of the acid 
But Venkateswaran,* working with mtnc acid at various concentrations distilled 
in vacuo and using sunhght, found no such anomalous changes in intensity 
He found that the mtensity of the scattered hght increased with mcreasmg 
concentration of the acid without any reversal, such as is found m this mvesti- 
gation With a view to findmg the behaviour of other acids m this respect, 
the author worked iMth sulphuric and acetic acids also Even in these cases, 
the contmuous spectrum becomes more promment with mcreasmg dilution 
In fact, m the case of sidphunc acid, the contmuous spectrum is so strong that 
the Raman hues are completely masked by it for mtermediate dilutions 
Further work is necessary to find the cause of the variation of the intensity 
of this contmuous spectrum 


Vaolratwwamm, ' Ind J Phys ,* vol I p 289 (192fl) 
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6 Estimation of the amount of DissocuUton from the IrUeimties and Comparison 
with Conductivity Data 

The relative mtensitiea of the Raman Ime at 45bb 8 A L in the Hpeotra 
with the various concentrations of mtno acid are given in Table II They are 
estimated from the deflections m the microphotometer records givi n m fag 2 
The intensity due to the continuous spectrum la elimmated from each of them 
But the mtensity of this being a large proportion (m some cases 75 per cent ) 
of the total mtensity, the values are uncertain to a range of as much as 10 
to 15 per cent Thus the table gives the mtensities of the Raman hncs exclusive 
of that of the continuous spectrum only approximately With ehmmation of 
the contmuous spectrum, whose origin is now unknown, it may be possible to 
measure the mtensities of the Raman hncs very accurately 


Table II — Relation between Concentration and Degree of Dissociation 


centration 

Int 

I 

lie 

oentrfttion 
por cont 

Moleoolar 

con 

ductivitios 
A m cm -* 
ohm"* 

66 0 

0 62 

1 0 

66 0 

32 6 

58 S 

0 03 


62 0 

30 4 




1 66 8 

47 1 

48 0 

1 19 

3 1 

49 6 1 

61 1 

39 0 


4 0 

37 2 

103 4 

29 2 

1 76 

7 r> 1 

31 0 

133 1 

19 5 

1 97 

12 « 

24 8 

169 3 

9 7 

1 46 

18 8 

12 4 

267 0 

— 

i 

1 “ 

6 2 

307 1 


V»oo»ity 
tjing cm ■ 
sec 


A/A4. 


0 0201 
0 0199 
0 0193 
0 0183 
0 0U9 
0 0133 
0 0121 
0 0100 
0 0103 


1 00 
1 12 
1 45 
1 88 

3 18 

4 10 
6 21 
7 91 
9 45 


A V 


1 72 

2 30 

2 72 

3 14 


The first column m the table gives the concentration of the acid m grams 
per 100 grams of solution The second column contains the lelative intensity 
of the Raman hue at 45bb 8 A U If is the number of free NOg" ions 
present in the solution, and 1^ is the intensity of the Raman hue at con- 
centration c, 

= ^ I„ 


where Jfc is a constant, since the mtensity is proportional to the number of 
emitters present, the emitters here bemg the free mtrate ions The degree of 
dissociation a is given by the ratio 
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where N. la the number of free ions present and is the mtensity of the 
Baman hne at concentration c., corresponding to infimte dilation, smce here 
the dissociation is supposed to be complete, the degree of dissociation bemg 
unity But as there is no knowledge of the intensity at large dilutions m the 
above data, and as only the relative values of the dissociation are aimed at 
m this communication, the values relative to the dissociation at 65 per cent 
concentration are given m column 1 of the above table 
If the amount of dissociation were the same for all concentrations, the 
number of free mtrate ions present m the solution should dimmish in proportion 
to dilution, and the mtensity of the Baman Ime due to the NOg" ions should 
also dimmish in proportion Thus the numbers m the third column, giving the 
ratio of the intensity to concentration, ought to be constant But the large 
increase m this value shows how rapidly the dissociation of nitric acid mcreases 
with increasing dilution 

The results of electrolytic conductivity by Eohlrausoh are given m the 
other columns of Table II The fourth gives the concentration m grams per 
100 grams of solution The molecular conductivities A* and the viscosities 
7)t of the solutions at each concentration are given m the next two columns 
If A, 18 the molecular conductivity at concentration c, and A* that at infimto 
dilution, the degree of dissociation aooordmg to Kohlrausoh’s law, that the 
mobility of ions is mdependent of concentration, is given by A,/ A« Even 
at small concentrations this law is supposed not to hold good So its appUc- 
abdity at higher concentrations such as those used in this work is still less 
Another formula for the degree of dissociation at moderate concentrations in 
terms of the molecular conductivity is 

A« TJo 

where and 7)^ are the viscosities of the solutions at concentrations c and 0 
respectively in Table II the degree of dissociation calculated according to 
the two above forraulse are given m columns 7 and 8 
Fig J gives the curves mdicating the relation between the concentration 
and the relative amount of dissociation The steeper curve is from the mtensity 
measurements of the Baman hne for the mtrate ion The middle curve is that 
according to Kohlrausch’s formula and the lowest corresponds to the 

* Laudolt and others, ’ Physikalisoh Ohemisoh Tabellen,’ 6th ed , vol 2, p 1074 
t Ditto, First Supplement, p 86 The values given m the table are extrapolated from 
the actual values 
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FlO 3 — Relation lietwoon (!imctntriiti<in of Nitric Aoid and Dogi'eu of Dissociation The 
lowest IS from viscosity <.oiidu<ti\itv formula The middle curve from Kohlrausch's 
conductivity formula and the uppermost from measurements of Raman Imes for 
the mtrate ion 

dissociation calculated from the viscosity formula The disagrot im lit between 
the three is very striking 

() I^iscufittion 

To investigate the cause of tlie discrtpaney it is necessaiy to sie how fai 
the various methods give the actual degree of dissociation Of these methods 
one 18 from osmotic pressure measurements The osmotic pressure can be 
either directly determined or calculated from the lowering of free/ing point 
of the solutions The second and more common method is that from con 
ductivity measurements There are several other methods which are mon 
indirect All these are known to be inapplicable for determination of the 
degree of dissociation at high concentrations Even at low concentrations 
there is no knowledge as to how far the values calculated represent the so 
called “ true degree of dissociation ’ which is the ratio of the number of 
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molecules dissociated to the total number of molecules All of them entail a 
lertam number of assumptions whose vahdity even at moderate dilutions is 
(piestioned In osmotic pressure measurements, the values calculated may be 
approximately correct over the range where Henry’s law of solutions is 
apphcable, and it is w eU known that this range is limited to very high chlutions 
I’hus at higher concentrations this method docs not give even approximate 
values of the true degree of dissociation 

Even in the case of electrolytic conductivity measurements Kohlrausch’s 
law, that the mobility of ions is independent of concentration, applies only for 
\eiy high dilutions At higher concentrations the viscosity formula given 
before is suggested But how far this gives the actual degree of dissociation 
18 not definitely understood even at moderate concentrations Much more 
so IS it uncertain at concentrations of the order of one normal and above 
Hence there is, up till now, no method known whereby the tiiic degree of 
dissociation can be determmed at lugh or moderate concentrations Thus 
the two lower curves given in fig 3 cannot represent the degree of dissociation 
even approximately 

The Raman effect on the other hand giv<s i ihnct method of dctcnmmng 
the actual number of ions produced urcspecfivc of concentration The 
intensity of the Raman line being directly proportional to the number of free 
ions present, and being independent of either their mobihtj or tluir con- 
centration, the intensity ratios directly give the ratios of the degree of dis 
fiociation at different dilutions Thus this seems to be the only method by 
which the true degree of dissociation can be determined This explains the 
discrepancy between the three curves in fag 3 

A study of the effect at higher dilutions will enable the decision as to how 
far the various methods give the dissociation correctly even at those dilutions 
It will also decide between the theories of complete dissociation and 
progressive dissociation at intermediate concentrations in the case of strong 
electrolytes 

Further work with mtnc acid at larger range of concentrations and with 
other electrolytes is m progress With these data it may bo possible to throw 
new hght on the prevalent theones of electrolytic dissociation 

Summaiy 

1 A modified form of apparatus, adopted by the author for the study of 
the Raman effect, is bnefly described 

2 Ten Raman fanes are observed with mtnc acid, four of which correspond 
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to undissociated HNO, molecules, three to NOg" ions and found in common 
with nitrates, and three to pure water 

3 In Kaman spectra taken with different concentrations of nitric acid, the 
lines corresponding to the HNO, molecule dimmish in intensity very rapidly 
with increasing dilution, whereas the NOg" lines im rease m intensity, showing 
thereby that with increasing dilution the number of fiee nitrite ions increases, 
which IS clear evidcm e of electrolytic dissociation 

1 Microphotomctru rccoids are taken for measurcini nt of the intensities, 
and from the intensities of the Raman lines due to the mtrate ions for the 
different c oncentr itions the relative amounts of dissociation are calculated 
j The degree of dissociation found from the above is compared with that 
determined from conductivitv measurements in mtric acid, and the general 
foim of the eurve obtained bv plotting the dissociation against the concen- 
tration IS found to be roughly the same in both cases The causes of such 
differences is are found ire discussed 

111 conclusion, the author has great plcasuie in thanking Piof () W Riihard- 
son F R S , for the interest he has taken during the c oiirse of this work 
which was < iriied oul in the Physic s Reseaich Tiihoi atone s it King sCollegi 
London 
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The Splitting Strength of Mica 
By J W Obreimoff, Fellow of the Physics and Technics Institute, 
Leningrad 


(Communicated by P Kapitza, F R S — Received February 1 , 1930 ) 
(Plate 4 ) 


Two well-ground and polished plane glass plates if put together, adhere 
This phenomenon is called optical contact and is very much used in the manu 
facture of optical instruments, smeo the boundary between the two glass 
surfaces shows practically no reflection of bght, when the gap between the two 
glass surfaces is exceedingly small m comparison with the wave-length of 
visible light An analogous phenomenon can lx. easily observed in mica 
Two freshly split nuca foils if put together adheri again with an appreciable 
force It 18 interesting to see if the restoration is perfect, i c , if we need to 
apply the same force to spht two mica sheets placed m optical contact as to 
split a fresh one 

In the present work it will be shown that the splitting strength is a constant 
for mica , that we can determine a surface energy of mica which is independent 
of the shape of the mica sheets chosen and that mica placed in optical contact 
18 totally restored A description will also bo given of some electrical phenomena 
obtamed by sphtting mica in a high vacuum It appears that the cleavage 
surface of mica is covered with electrical charges , further, that the strength 
of mica in a high vacuum is more than in air and is also a fairly well-defined 
constant The present observations are connected with the well-known wprk 
of A Toff^* on the tensile strength of rock salt In the case of rock salt the 
surface was either dissolved to avoid the 



Fig 1 


t fleet of imperfections of the surface or 
the surface action was avoided altogether 
as in the experiment with the rock salt 
sphere ♦ 

§ 1 Let us appl} to a thick mica sheet 
a biiuling moment M sufficient to stnp 


off a thin lamina Let us suppose the spht sheet to be rectangular, of 


breadth 6 and thickness h This moment M will be in equilibrium with the 


Joff6, ‘ Physics of Oystala,’ pp 62-64 
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molecular forces sticking the two parts of mica together at a point () Under 
the influence of the moment M the stripped flake of mica will assame a circular 
shape, and if we assume the deflections to be small we can approximately 
represent them hy a parabola 

( 1 ) 


where y is the gap Vietween the two freshly split rniea surfaces, j the eorri- 
sponchng abscissa measured from thi point O to tiie left, p the radius of 
curvature 

From the elementary theory of elasticity 

l/p = 3M/EWi*, (2) 


where b is the breadth of the mica sheet, A the thickness of the stripped flake, 
E, Young’s modulus 

If for a constant moment M the cleavage proceeds to a depth tlx, the work 
done by th< moment M will be eijual to dA. -- where tj> is the angle between 
tlie tangent at the point of application of the moment M and the j axis The 
woik per unit area should tlun lx equal to 


I d\ EA-^ 
I dj Ipi ' 


0 ) 


since d<f> — dxlp 

Jt may easily be shown that half of this work is stored in th< < nergv of the 
bent mica lamina,* and the remaining work divuled by 2 gives the surface 
energy of each of the two fresh siirfacis So the surface energy per square 
centimetre becomes 


„ , KA’ ,EA8w* 

“ tt - i 4 




The hrst question will be whether nuca has any consistent tensile strength at 
all As a test we will choose the constancy of the work done by splitting 
different mica specimens rather than the constancy of the sphttmg moment 
M, since it is rather difficult to deduce from the experimentally obtained 
moment M the real splitting force without knowledge of the mechanism of the 


* The energy of the bent lamina of length dx equals 


then 
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spbttmg Wo might expect Q to be a constant for all our mica specimens , 
E IS also a constant, and we will assume for it the value 20,000 kg per square 
millimetre taken from Landolt Bornstem tables If, then, we make all our 
measurements for a given 1 / (as, for example, by measurmg the interference 
fringes), w e have tw o \ anables only jr and h, related bv the expression 

r (by/3Q)W (5) 

If such a relation really obtains for different specimens, vst can deduce from it 
the work 

§2 The experiments were made with a sptciallv chosen mica specimen 
(musi ovite) from the White Sea (Chupa), these specimens being kindlj placed 
at my disposal by Prof Loewinson Leasing From a sheet 0 2-0 'i mm 
thick bj means of a Gillette blade I cut rectangular piei i s about 20 v 50 mm 
area (6 == 20 mm ) These pieces were then split by means of a glass wedge 
fanely ground with emerj', the greatest care being taken to have the edge 
slightly rounded to prevent scratching and cutting The split foils were 
from 0 1 mm to 0 2 mm thick, the thickness being measured after the 
ex|)eriment by means of double refraction Tt is evident that the split foils 
can be assumed thin m comparison with the remaimng part 
Although the splitting wcilg* does not exercise a bending moment, but a 
bending force we can still use all tlu formula) (1) (1), since at the vicimtv of 

the point 0 the stress due to the glass w( dge will be a bending moment 

M = VI 

where I is the distance between the edge of the wedge and the pomt 0, and F 
IS the force exercised by the wedge on the mica 
As a matter of control it was proved first that the thin stripped foil has 
actually a parabolic shape m the vicimty of the pomt 0 This was measured 
many times with the aid of the interference fringes (Newton rings) m the air 
gap between the two mica surfaces The light to proiluce the interference 
fnnges was thrown on the mica from above through a vertical illuminator 
fixed on the tube of the microscope The green mercury Ime (X ~ 6460 A ) 
was chosen for illumination The distance between the fringes of order />, 
taking values of n equal to the square of a whole number, was measured by 
means of a Zeiss travellmg metallurgical microscope 
If the shape of the strip is parabolic these fringes must be eqmdistant In 
Table I is given the result of such an experiment 
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Table I Tlurkm sa A of the strip =- (» J 10 mm X — 0 10 ]()'’’ cm 



g 


1 1 1 
4 j -1 j 11, 

25 j 

JO 

tliviBiun on the tracelling micro 
seopc 

27 51 

27 S7 

27 Oil 1 2(1 7<l j 21, VO 

2rt 21 

25 90 

Jlifferenoe 

0 14 

0 28 

0 30 j 0 2<1 j 0 29 

0 31 
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W( take the fringe of oulcr O' to In Hu pime which ipptars to the c^c to 
giv( no more reflection Talile i shows that this place is where the air cap 
between the two mica sui fat t s is etpial to A/ti It stems to be more reasonable 
to obtain the position of the point O bv t \tiapolation of the measurements of 
the fringes of number 1, 4 9, eft 

The parabolic shape of th«‘ bent ship was also proved sevtral times bv 
measuring the distance between '-uteossive mterferenec fiiiiges In such i, 
( ast one shows < learly that th< shape is parabolic an<l that the discrepancies 
in Table I arise from errors of mtasurt mt nt 

The photograph of hg 2 (Plate 1) is reproduced to show tin pietiiie of the 
fringes There are marked the 1st, 1th and 9th fringes, also what we call tin* 
fringe of older O' and the true position of the point () obtained by extra- 
polation Attention is drawn also to a fn shaped interference pattern markt d 
by an arrow It is very often observ'ed and results from the hght reflected 
from very thin mica strips ronnec ting the two cleavage surfaces of mica These 
thin strijw occur veiy oftc n and arc a common source of trouble in our i \pt ii- 
ments 

The parabolic shape of tlie foil proved, we turn to the determination of tlie 
quantity Q On hg I are given by dots the results of the experiments on 
different mica samples The thickness h m miUunetrcs are plotted on the axis 
of abscissa! and the distance between the 1st and the 26th interference fringe 
(in millimetres) on the axis of ordinates The points occurring from one strip 
for different positions of the splitting wedge arc surrounded li) a closed curve 
If several experiments gave the same value of Xy-x.^ for the same foil, the 
corresponding dots arc laid on a horizontal lino close to each other The 
cxmtmuous curve is of the* type 


= KA‘ 
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laid through the experimental pointe From it we obtain for Q the very high 
value 

Q 1500 erg/cm * (6) 

As fig 1 (Plate 1) shows, the pomts do not he very well on the curve, but it 
seems to me rather surprising that they can be connei ted with a curve at all 
and arc not distributed at random If we remember the many different causes 
which can disturb the experiment such as imperfection of the crystal, 
fir-shaped” strips, defects of mica near corner made in cutting it with the 
Gillette blade, and the simple method of splitting used to measure the cleavagt 
strength, it is rather surprising that any consistent result is obtained 
§3 If wo pull our glass wedge awav the two mica sheets stick togethei 
without any pressure put on them The crosses on fig 3 belong to an experi- 
ment similar to those described m the previous paragraph, but made with 
mica split m air and then restored by pulling the wedge away The skew 
( rosses ( X ) belong to the movement of the wedge backwards and the upright 
( rosses (-(-) to the movement of th< splitting wedge forwards again on the old 
jiath We see that in tin majority of < as< s the skew i rosses he above the 
upright crosses and above the dots, i ( , the mica, once split and then 
lestored, appeals to be less strong than a fresh one In a few cases the 
crosses fall between tin ilots, but never lx low It is evident that man\ 
causes may reduce the strength of mica after splitting (particles of dust, 
scratches, etc ) tlnly in a few cases can this be avoided and then after 
putting the split parts together the mica is completely re stored It is curious 
to notice that the splitting moment, M, of mica is not a constant, being 
the smaller, the thinner the mica sheet 
§ 4 If split m darkness, mica becomes slightly luminescent (tribolummc s- 
eense) This is due to electric discharges lx*tween the mica surfaces through the 
nr If we split them imder an air pressure of 1 0-0 1mm mercury the glow 
spreads to all the air in the vessel and is similar to the glow of a Geissler tube 
In a high vacuum (10"^-10“'' mm mercury) the glass of the vessel fluoresces 
like an X-ray bulb The light is feeble and can be observed only after the eye 
has rested about 3 minutes in darkness It is, however, bright enough to be 
visible when the light in the room is sufficient to make visible the contours of 
the glass vessel and the mica itself, and bnght enough then to illumine the 
surrounding objects After splitting mica in high vacuum, the inner surfaces 
of the glass vessel and of the nuca itself are covered with electneal charges 
If we lower, then, the vacuum to about 0 1 mm we obtam a splash of light in 
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the gas At the same time the strength of mica m a high vacuum is greater 
than in air at an atmosphenc pressure or 0 1 mm 
On fig 4 18 shown schematically the arrangement of the apparatus Mica is 
fastened by means of metallic clips to a metallic platform The glass wedge is 



Fio 4 


drivt n 111 by means of gentle strokes of a glass hammer provided with an iron 
block and put in motion by means of an electromagnet For the experiments 
in a very high vacuum (1 10~® mm ) all the apparatus was made from glass 
and an ionisation gauge used for measuring pressure (the connection being 
made in the latter case before the liquid air trap) On fig 5 are shown two 
parallel sets of measurements for mica, in air at atmospheric pressure (upper 
curve) and in high vacuum (lower curve) The curves are analogous to those 
of fag 3 On the axis of abscissa) is plotted the thickness of the foils and on 
the axis of ordmates the distance, i between the sphtting wedge (0 48 mm thick) 
and the boundary 0 The observed points are interpolated by straight lines 
(instead of curves of the type y = Ici^) Fig 6 shows that the ratio of the 
ordinates of the two lines is nearly 1 9, which gives from (4) for the surface 
energy of mica split in rKtcuo the extremely high value 
20,000 erg/cm * 

The strength of mica in vacuo is independent of the pressure over a range 
between 10~* and 10~® mm of mercury, but there is a cunous time phenomenon 
If the splitting wedge is kept still, the boundary of the spht proceeds sometimes 
silently and umformly and sometimes with a brusque jump accompanied with 
a crackmg sound At atmosphenc pressure also the spht boundary does not 
arrive at its final position immediately but needs for it from 10-16 seconds In 
the intermediate pressure range between one atmosphere and high vacuum, 
the time of attainment of the final position of the boundary is longer than at 
atmospheric pressure At 20 mm pressure it is no less than 16 minutes, and 
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at 0 2 mw pressure no less than 4 days Thus a long time is required to 
measure the strength of mica under different pressures 
§ 5 If we are starting in our high vacuum expenments with a mica specimen 
prepared m air, it will not assume at once its high strength , the boundary- 
must move m the fresh mica to a depth of about 1 mm before the imea obtains 
its full strength Fig 6 illustrates such an experiment On the axis of the 
abscissie is plotted the position of the bouncUury 0, and on the axis of ordinates 
the distance between the sphtting wedge and boundary corresponding to I 
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lia 6 —Thickness of the foil 0 043 mm , thickness of the splitting wedge, 0 48 mm 


on the fig 5 It shows that tlu splitting strength increases to a depth of 
J mm , then becoming constant If now we pull our wedge back, the two 
spht foils stick together again, but their strength is perceptibly less than that 
of fresh mica and approaches that of mica in air 

§6 All the phenomena descrilied can be qualitatively explained b> the 
structure as given for muscovite by G Wulff * Following him the cleavage 
plane of muscovite consists of potassium ions lying on the corners of an 
eqmlateral triangular grating, the sides being equal to 5 A A direct measure- 
ment of the electrical charge is impossible By covering micsi with silver, 
connecting them with an electrometer, and sphttmg m high vacuum we really 
can prove the existence of high potentials (up to 1000 v ), but a true ineasiiie- 
ment of the charge is impossible since in sphttmg the mica the electrical 
discharge makes the space a conductor Actually, w hen sphtting mica between 
the charged parallel plates of a condenser in a high vacuum it is possiMc to 
observe that the charge of the plates of the condenser is lost every time 
It seems not hopeless to apply the same method of direct measurement of 
cleavage to study the phenomena of absorption of different gases on mica and 
of cleavage m other crystals 

I am very indebted to Mr W J Voleiko for his kind assistance m the work 
and his valuable help m constructmg all the apparatus used 

* ‘ Trans Inst Boon. Mmeral Metall No 26, 1926, Moscow 
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The Mobility of Ions in Atr 

J L Hamshere, M Sc , Instructor in Physus, Umversity of Saskatihewan 

(Communicated by Sir Joseph Thomson, F R S — Received February 6, 1930 ) 
ItUroduchon 

In a previous paper* I liave described an experimental method of measunng 
ion mobilities in a gas, which yields accurate values for both upper and lower 
limits of a distnbution range, and from which one can also derive a curve 
showing the general shape of the distribution band, with a calculable resolving 
power It was found that negative ions in dry air at normal pressures had 
mobihties ranging from 2 15 to 1 45 cm per second per volt per centimetre, 
while the distribution band showed a peak value about I 8 and a sharp upper 
limit at 2 15 There was also some reason to believe that in the presence of 
water vapour the band was narrowed, the faster ions being eliminated in the 
maimer found by other observers, and the slower ions remaining ( omparatively 
unaffected 

In the cx|)erunent3 here described, an inipiovtd form of the apparatus is 
used to study in greater detail the effect of water and other vapours on the 
mobihty distribution, for positive and negative ions in air 

Expel imenlal Method 

The general pimciplc of the experiment has already been described in detail 
{loc cit ), and will only be briefly recapitulated here 

Ions are formed by alpha-rays from a polonium source near a plate C (tig I), 
and subjected to a square-wave alternating held (± X') maintained between 
0 and a metal gauze B , tliose ions which reach the gauze are caught in a 
second alternating field (± X), and may reach the plate A which is connected 
to an electrometer The fields X and X' are made as nearly equal as possible, 
to minimise mterpenetration of the fields near the gau/e, and are synchronised 
so that their cycles have the form shown m hg I 

The ions pass through the gauze from C towards A only when both fields 
are m “ advance ” phase, t e , between P and Q in fig 1 If T is the tune of one 
complete cycle, and the advance phases PR, QR, occupy times oT, 6T, respec- 
tively, it can be shown {loc cU ) that the theoretical current curve for ions of 
♦ • Proo Cftinb PhiL Soc vol 25, p 205 (1929) 
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a single mobility k is of the form given m fig 2 , the current is zero when 
dj{XT) 18 greater than bl, and reaches a final value when d/(XT) becomes less 



tio 1 — Alternating Field Cycles 
PP' -T PQ-aT. PK = J.T 



Fio 2 — Theoretical Current Cur\o for Unique Mobility (K) 
u: - d/XT . =- 6K , X, -= (5 - a) K 

than (b ~ a)k, d being the distance from the gauze B to the electrometer 
plate A Between these limits the current is given by the equation 

where Iq is the total current available, that is, the current which reaches A 
if both fields are held permanently in advance phase 
If we put the experimental variable d/(XT) equal to x, the equation may 
convemently be written 

i^ta(b-xlk) ( 1 ) 

The maximum value reached by the experimental current will be aij 
The general equation for the current in the case of a oontmuous distribution 
of mobihty is obtained by integrating (1) with respect to ^ If the total 
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current due to ions having mobihty between ^ and {k, -f- ^k) is written f{k)8k, 
we obtain 


-=a\ /(X)d^+ (6- 

Ji-x (6-a) J i- xb 


xlL)f{k)dk, 


(2) 


Avlieie IS the highest mobihty present 

We can furthi r show, bv differentiating (2) with respect to x, that the 
gradient of the cKpenmontal curve will give the mobihtv distribution, subject 
to the limitations of a finite resolving powoi For n high resolvmg power the 
diff( rential reduces to 

wh(reA = x,6 (1) 


The H solving power of the apparatus csiii be calculated from tlu usual 
condition, that the overlap of two curves corresponding to mobilities A, 
A + 5A, shall equal half tliur apparent range , this gives 

R-A>'A -26/tf (1) 

The experimental procedure is to keep d and X constant, and to \ary tht> 
frequency (1/T) of the fit'ld cvcle The upper and lower limits of the mobility 
range aie then directly obtained from the zero and maximum points of the 
current frequency curve which give 

A, - Ci/6 A 2 - uj{b - a) (5) 

The derived ciiivc, — di^jdx — / (A) can be made to show the mobility 
distribution directly by taking as ordmatc the mean value A' ” x/{6 — |a) 
If ki' and k^' are the limits given by this curve, the true limits may be obtained, 
corrected for resolving power, on putting 

Ai= Ai'(l - 1/R) Aj-A/fl 1-1/R) (6) 


Appaiatus 

The apparatus used in these experiments was similar in most respects to 
that previously described, but differed from it in the design of the measurmg 
condenser, and in the adoption of a synchronous speed control for the 
commutator 

The brass case of the old measurmg condenser was replaced by a glass cover 
standmg on a heavy brass base plate , a circular ledge was cut m the plate, 
as shown m fig 3, to fit accurately inside the glass, which was ground on to it, 
the joint bemg made gastight with hard wax on the outside All the electrical 
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leads and the gas inlet pass through the base plate, the electrometer lead 
through a central ebonite plug, and the four field connections through two 



•<louble plugs, one of which is shown in the figure The surfaci of ebomte 
inside the chamber was reduced to a raimmum 

The plate and guard rmg system is supported on three glass rods E, which 
pass through carefullr aligned holes in each ring , the distance pieces FF are 
lengths of glass tubing which fit over the rods, and are accurately ground to 
the required length Small set-screw collars G serve to clamp the assembly 
firmly together The electrometer plate A is supported from its guard rmg 
by two horizontal rods of quartz , the rods are threaded through short pieces 
of brass tube soldered to A and through small clamps soldered to the guard 
rmg The quartz rods are not in contact with the underside of A, and so, 
although the air gap between plate and guard rmg is only 1 mm wide, the 
effective length of quartz insulation is about 2 cm at each end of the rod 
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The gauze B is soldered as before to its guard ring, stretched as tight as 
possible and flattened by clamping m a vice The polomum coated wire P 
18 mounted in a vertical position at the centre of the upper plate C, with a 
shield of thm brass just below it A small brass rim at the edge of C prevents 
the alpha-particles from travelling right out to the walls of the vessel , thus 
the ions available for experiment are those formed in the annular space between 
the shield and the run 

The electrical system is shown diagrammatically in hg 4 The potential of 



the gauze B with respect to earth is controlled through the three-way key 
Ki 23 In the Kj position the commutator S is short-circuited and B has the 
constant potential V , in the Kj position, with the single key K4 open, B has 
the constant potential U, and with K4 also closed the commutator comes into 
play, giving a potential U at “ break ” and approximately V at “ make 
(The resistance R is of the order of a megohm ) In K3 position the gauze is 
earthed The connections for the plate C, through the commutator S', an 
exactly similar, except that the potential of C is alternated with respect to the 
gauze B, not to earth The voltages U, V, and U', V', are read on a D 0 
voltmeter whose connections are not shown m the diagram 
Guard rmgs A', B', are inserted between the plates to ensure a more umform 
field, and the potentials of these are obtained by connecting AB and BC through 
hi gh resistances and tapping off these, as shown in the diagram Durmg 
“ break ” phase of the commutator these resistances are in senes with the 
short-circmting resistances R, R', and so the actual potential of B, for example, 
will bo, not U but U{Ra -f R/)/(R 4 - Ra + ^ a )> a>td similarly for C and the 
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uitermediate guard rings In order to have the retard field equal to the 
advance field strength it is therefore necessary to make U greater than V in 
the inverse ratio The resistances used were Dubiher grid leaks, of the order 
1 megohm for R and 6 megohms for and R^' , thus the correction for U 
IS about 10 per cent This was verified by direct checks on the plate and guard 
nng potentials with an electrostatic voltmeter, which were repeated at regular 
intervals during the work, to guard against degeneration of the resistances 

The two commutators Mere bmlt up on a smgle shaft in the way described 
m the earher paper, and some additional smoothness of running was obtained 
by mounting them on ball-bearings Chain drives were substituted for belts 
to avoid slip errors , Meccano sprocket wheels and chain were used and ran 
very well at all the speeds required, and a set of the wheels mounted on a single 
shaft gave a convemently qmok change of gear ratio between commutator and 
driving motor The measured values of a and 6 for the new commutator 
were 0 025 and 0 370, the resolvmg power being therefore, bv equation 
(4), R = 30 

It was found essential for accurate work to have a rehable control for the 
commutator speed, to check temporary fluctuations too small to be con- 
trolled by the observer Various types of synchronous control were tned, 
the method finally adopted bemg the foUowmg a four-pole Rayleigh impulse 
motor 18 run in senes with an eleotncally maintamed tuning fork, with which 
it IS then synchronous, m the usual way , this motor is not sufi&ciently powerful 
to dnve the commutator, but acts as a very efficient governor when coupled 
to the mam driving motor, with a cham drive The mam motor is illuminated 
by a flickermg neon lamp whose oircmt is mterrupted by the same fork the 
procedure then is to set the fork at the frequency required, and adjust the motor 
resistances till it is seen stroboscopically to fall into step with the fork, after 
which the Rayleigh motor will keep it steady The fork frequencies and the 
various gear ratios bemg known, it is possible quickly to obtain any particular 
commutator speed required, and so to work by regular steps up and down a 
current frequency curve, interpolating values where they are needed 

The experiments were made on dry air, or on air which was first dried and 
then mixed with measured proportions of water and other vapours The 
method generally used was to pump out the system to 1 or 2 ram pressure, and 
refill very slowly with air drawn through a drymg cham consisting of a glass 
wool filter, strong HjSO^, and long tubes of CaC!, and PjO The apparatus 
was pumped out and refilled to atmospheric pressure several times before each 
run, and when changmg from one vapour to another an intermediate run was 
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taken m dry air, the pumping out bemg repeated until “ normal ” curves 
were obtained. 

Expenmental RestUhi 

1 Dry Atr — Results with negative ions m dry air at atmospheric pressiiie 
confirm those obtained with the earlier apparatus as con lie seen m fig 'i 



Fio 6 — ^Negative Ions m Dry Air Above experimental curve# , below derived 
diBtnbuhonal ounree 


the first curve is reproduced from ray previous paper, and was taken with a 
resolving power 10 , the second curve shows a narrower band, as might be 
expected from the higher resolving power and the more accurate speed control 
of the commutator There still remains, however, defimte evidence of a dis- 
tribution of mobihty over a range which exceeds any possible experimental 
error , the results of a senes of runs made with different field strengths and 
plate distances are as follows, and ig being the upper and lower limits of the 
distnbution band, corrected for resolving power according to equations (6), 
and kg the nnoorrected peak value 

/li=:21±0 06 io^l8±0] ifc, = 16±01 

No ions were found to have mobihties outside these limits 
Curves of the same general nature were also obtamed with positive ions , 
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a typical distnbution band in dry air is shown in the first graph of fig 6 The 
mean values obtamed are 

= 1 36 ± 0 06 = 1 1 ± 0 1 *2 = 0 78 ± 0 06 

The relative breadth of the band appears to be about double that of the 
negative ions 

Several attempts were made to detect the “ young ” ions of mobility 1 9, 
found by Enckson and Tyndall and Gnndley,* but these were all unsuccessful 
Runs were taken at 100 mm pressure, with field strengths and plate distances 
which gave the ions reaching the electrometer an age of the order 0 016 second 
If the number of collisions made is regarded as the ageing factor, this is equi- 
valent to an age of 0 002 second at atmospheric pressure, about one tenth 
of the mean Ufe of Erickson’s uutial ions No trace was found of any mobility 
higher than 1 4, and similar negative results were obtained in moist air 
Tyndall, Starr and Powellf report erratic results under somewhat similar 
experimental conditions , they suggest that this is due to some highly active 
impurity, possibly a product of the alpha-ray source, which accumulates in a 
closed vessel This impurity ” has not yet been identified, but it appears 
to be the only satisfactory explanation 

2 Water Vapour tn Atr 

In order to experiment with known proportions of water vapour the apparatus 
was first exhausted, and distilled water evaporated into it to the full vapour 
pressure The water flask was then shut off, and dry air added to atmospheric 
pressure , the concentration is then, say, 14/760, measured in partial pressures 
If this mixture is again partially exhausted, to a pressure p, and refilled to 
atmospheric pressure with more dry air, the concentration is then reduced to 
(14 X p)/(760)* In order to work also at relative concentrations higher than 
that given by saturation at 760 mm , water was first evaporated in, to pressure 
14 mm , and air added to give a total pre-ssure p, less than 760 , the concen- 
tration IS then 14/p, and the results can be co-ordinated to those obtamed at 
other pressures by multiplying the measured mobihties by p/760 
Results obtamed are shown m the graphs, fig 6 The derived distribution 
curves alone are given, since they bnng out more clearly the points under 
discussion , the expenmental curves on which they are based arc of the same 
order of accuracy as those m fig 6, and could be repeated at will 
• Enckson, ‘ Phys Eev ,’ vol 20, p 117 (1022), and vol 33 p 403 (1929) , Tyndall and 
Qrindley, ‘ Roy Soo Proc ,’ A, vol 110, p 361 (1020) 
t ‘ Boy 8oo Proc ,’ A, vol 121, p 172 (1028) 
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It can be seen that the water vapour causes a marked narrowmg of the 
negative ion band, which is almost entirely due to the disappearance of the 





Fio 6 — Effect of Water Vapour on Mobility in Air (Concentration C in partial preesurea ) 


faster ions There is also, however, a shift of the band as a whole, in the 
direction of lower mobihty, which is more clearly shown in the higher con- 
centrations , the uutial narrowmg of the band occurs for small traces of water 
vapour, and is apparently superposed on the “ normal ” displacement of the 
whole band 

When these results are compared with those obtained with other vapours, 
desenbed below, it appears that water vapour can be correlated to the other 
strongly polar gases if we work over a sufficiently wide range of concentrations 
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This can be shown very clearly if we plot the reciprocal mobilities, 1 /A^, 1 /kg, 
as functions of concentration, as in fig 9 The lower limit of the distnbution 
band, kg, obeys Blanc’s reciprocal law at all concentrations, while the upper 
limit, Ajj, and the peak value kg after the “ abnormal ” initial drop, also follow 
the hnear law 

The effect of traces of water vapour on the width of the band suggests that 
the curves obtained m normally dry air might be further widened if the air is 
more thoroughly dned To test this point, open dishes containmg P2O5 were 
placed inside the condenser vessel, which was filled with dry air m the usual 
way and then sealed up Runs were taken at intervals extending over a total 
time of 10 days, without any perceptible change either in the mobility limits 
or in the shape of the distribution curve 
The only effect of water vapour on the positive ion curves is a slight broadenmg 
of the peak, and shift in the direction of increased mobihty, which is barely 
within limits of experimental error 

3 Methyl Alcohol %n Air 

The effect of the aliphatic alcohols on mobihty in air has been systematically 
studied by Tyndall and Phillips,* using an experimental method in which the 
mobihty is obtained from the peak of an experimental curve of unknown 
resolving power They find an abnormal imtial drop for small traces of 
vapour in the case of negative ions, followed by the normal hnear (reciprocal) 
decrease for higher concentrations It seemed of interest to repeat some of 
these observations with the present experimental method, in view of the results 
obtained with water vapour 

The various concentrations were obtamed in the same manner as for water 
vapour, and the runs were all made at atmospheric pressure The results are 
shown in the graphs of fig 7, and the reciprocals of the upper and lower Lmits 
of the band are plotted against concentration in hg 9 

The whole curve for the negative 10ns undergoes the abnormal imtial decrease 
111 mobihty found by Tyndall and Philhps, without change of breadth There 
18, however, a broadening of the peak, and the lower limit, kg, becomes more 
sharply defined There is good agreement with the results of Tvndall and 
Philhps, if we take their value of A to correspond to my upper limit A-j 
For positive 10ns the upper limit kg is affected “ normally,” but there is an 
abnormal mitial increase m kg , the slower 10ns completely disappear in the 


‘ Roy 80c Proc ,’ A, vol 111, p 677 (1926) 
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preeenoe of the smallest trace of the vapour, leaving a narrow band which 
then follows the reciprocal law for higher concentrations The agreement 






J?u» 7 —Effect of Methyl Alcohol on Mobihty in Au 


with the results of Tyndall and Phillips is in this case less satisfactory at the 
higher concentrations 

We may note that the bands for positive and negative ions have approxi- 
mately the same breadth, once the ‘‘ abnormal ” stage is passed, and the 
graphs of reciprocal mobihty against concentration have the same gradient 
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i Ethyl Ether in Air 

The second vapour usetl was ethyl ether, which was evaporated into the 
vessel m the same way, to give known concentrations Results are shown m 
fig 8 The oiiU elfei t on the negative ion is the sharpening of the lower limit 



Put 8 - -Effect of Ethyl Etlici on Moblhti in Air 


of the band , there is no initial abnonnahty, and the band is unchanged in 
breadth 

The positive ions show both effects There is a slight abnormal decrease 
m and an increase in il, similar to that observed for the alcohol The band 
IS narrowed to a width oomparaUe to the negative band, but m this case the 
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concentration curves, hg 9, have difierent slopes, the positive ions being 
apparently more strongly affected by the vapour than arc the negative ions 




Fig 9 — Heoiprocal Mobility as a Function of Conocutratiou 


Dtac/usmnt 

It will be noticed that the narrowest bands obtained m the foregoing ezpen- 
ments had a width about double that to be expected from a umque mobihty, 
assuming the calculated resolving power to be correct One may argue that 
file mobihty m these oases is really smgle valued, and that the experimental 
errors are sufficient approximately to halve the resolving power of the apparatus , 
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m the absence of independent evidence this point cannot be decided, but even 
if we make this somewhat drastic “ correction ” there remains the much wider 
band in dry air For example, if we correct the data for negative ions in 
dry air previously given, assuming a resolvmg power of 15 instead of 
30, we are still left with a distribution between approximate limits 2 06 
and ] 7 * 

As was pointed out in the previous papei, a distribution of this range is 
sufficient to account for the experimental discrepancies continually found 
between measurements made by different observers, some usmg methods which 
measure the highest mobihty, others the peak (mean) value That these 
discrepancies are real has been confirmed by Schilhng f 

Since narrow bands are obtained in some circumstances, there does not 
seem to be any way of acooimtmg for the wider bands in terms of diffusion 

The results in the presence of the vapours tried show that the actual nature 
of the ions must vary in a very complex way , before one can reach any satis- 
factory theory it will be necessary to extend the experiments t-o a number of 
representative gases and vapours, and m particular to investigate the effect of 
thorough purification of the gas, in an apparatus which can be baked out 

There are, however a few points which may be noted here First, 
in the widest range found, for positive ions in dry air, the mobihties vary 
over a range which, expressed as the ratio of highest to lowest mobihty, is 
I 36/0 78 = 1 7 for negative ions the ratio is 1 3 Theoretical calculations 
of ion mobihty, based on classical gas-kmetio theory, make it seem probable 
that the si/e of the ion can affect its mobihty in two ways , through the mean 
free path, which vanes mversely as the cross-section, and through a factor 
depending on the relative masses of the ion and the gas molecule This 
mass factor in any theory based on the assumption of elastic colhsions takes 
as a first approximation the form {(t» -|- where m is the mass of the 

gas molecule and that of the ion (e g , the theones of Langevin, J J 
Thomson, and IxiebJ) So if the mass of the ion varies from that of a single 
molecule to a large cluster, its effect on the mobihty can only vary in the 


* Zeleny (• Phys Rev ,’ vol 34, p 310 (1929) ) ha* recently repeated hia original air 
stream experiment, and find* m slightly moi*t air a distribution band whose mean range, 
corrected for diffusion and resolving power, is from 1 03 to 1 48 for positive ions, with 
a peak at 1 24, and for negative ions, 1 68 to 2 18, with peak at 2 00 
t ‘ Ann. Physik,’ vol 83, p 23 (1927) 

X Langevin, ‘ Ann C!him.,’ vol 6, p 246 (1906) , Thomson, ‘ Phil. Mag vol 47, p 
337 (1924) , Loeb, ‘ Phil Mag ,’ voL 48, p 446 (1924) 
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ratio of to 1 In the more rigorous expresaionB derived by J J Thomson 
and by Lenard* the mass factor vanes over a range of the same order 
Thus the observed venation in mobihty is sufficiently small to be explamed, 
at least for the negative ions, by a variation in the lomc mass alone If the 
vanation in the radius is also taken into account, the two effects reinforce 
each other, and the possible range of mobihty is increoseil In any case, the 
range observed is of the order to be expected on the assumption of an ion 
which may vary considerably m size without changing m its electncal properties 
To explain the width of the band we must also postulate some degree of 
permanence in the individual ions , a labile cluster of the type suggested by 
Loebf, in which the cluster is so loosely bound as to be little more than an 
increase in the gas density m the neighbourhood of the charged nucleus would 
change its effective mass many times durmg its experimental ‘ life,” and by 
relatively small fractions , so that we should expect it to have a statistical 
mean mobihty which would be for all expermiental purposes umque 
On the other hand, these experiments afford no evidence for the discrete 
groups of ions of different mobihty, found by Nolan J , there may, of course, 
be such groups within the range found, the mobihties being too close together 
to be resolved by the apparatus, but the groups also found by Nolan which he 
outside this band were never observed 
It appears to the writer that small traces of gaseous impurity, such as water 
vapour, ebomte, tap grease, etc , play a very important part both in the 
formation of the ions, particularly m the capture of electrons to form negative 
ions, and in their structure The distnbution found in air may be regarded as 
the maximum range obtamable m an “ impure ” gas, m wbch the nuclei may 
have any molecular mass , attempts to punfy the gas may be expected shghtly 
to alter the distnbution of mobihty within this range, without affecting its 
aotnal width until we reach a very high degree of physical punty, at which 
stage the negative ions may remain free electrons 

The “ abnormal ” effect of small traces of active impurities has been investi- 
gated by several observers, notably Ijoeb, and Tyndall and PhiUips (loc cU ), 
the assumption being that the mobiiitv m each mixtiuc was unique If the 
results of the present expenmeats are accepted as showing a distnbution over 
a fimte range, the work of these observers must be regarded as applymg either 

* Thonuon, ‘ Proc Phys Soc vol 27, p 94 (1914) , Lenard, ‘ Ann Phyaik,' vol #1, 
pp 840, 666 (1920) 
t ‘ Phys Rev vol 32, p 81 (1928) 
t Ibid vol 24, p 16 (1924) 
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to the highest mobibty present, as m Loeb’s experimental method, or to some 
intermediate value 

The “ selective cluster ” theory of Loeb may be modified to account, at 
least quahtatively, for the present results The strongly polar molecules of 
the added gas or vapour will be attracted to the charged nucleus with greater 
forces than the original gas molecules, the result being what we may regard 
as an effective concentration in the neighbourhood of the ion which is higher 
than the measured average concentration m the whole gas This is sufficient 
to account for an abnormal shift of the whole distribution band, as found for 
negative ions in the alcohol-air nuxtuies But for a shift of the upper limit 
only, as found m water vapour, we must also assume a dc finite clustermg m 
which the faster (presumably smaller) ions are ehraiiiated altogether, and all 
the ions formed have the maximum size (minimum mobihty) characteristic of 
the gas Further increases in the relative density of the added vapour then 
affect the mobihty in the “ normal ” way, by modifying the dielectric constant 
and density of the gas as a whole 

The converse effect found for positive ions in both the ether and alcohol 
mixtures pomts to an inhibitory effect which may be pictured as a protective 
cluster, comparatively permanent, of “ impurity ” molecules, which prevents 
the formation of the larger (slower) clusters There is an interesting analogy 
here to the suggestion of Mahoney,* that water vapour, and possibly other 
“ impurities,” mcrease the life of the young positive ions by inhibiting the 
formation of the larger final ion At present, however, we have insufficient 
evidence to justify further speculation m this direction 

Sunmary 

The experimental method for measurmg gas ion mobihties, described m a 
previous paper, has been improved m accuracy and resolving power, and apphed 
to examme the effect of water vapour, methyl alcohol, and ethyl ether, on 
positive and negative ion mobihties in air 

The fimte distnbution band previously found is confirmed m dry air As 
water vapour is added the negative ion band is first narrowed, and then shifted 
in the normal way for gas mixtures Positive ions are comparatively httle 
affected 

In the alcohol vapour the whole negative band is abnormally shifted, without 
change of breadth The positive ion band is abnormally narrowed by the dis- 
appearance of the slower ions 

* * Phys Rev toL 33. p 217 (1929) 
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In the ether vapour the negative ions are very shghtly aflEected, and the 
positive band shows both effects 

An attempt is made to interpret these results in the hght of a modified cluster 
theory 

These experiments were made at the Cavendish Laboratory I gladly take 
this opportunity to I'xpress my mdebtedness to Sir J J Thomson for suggesting 
the problems and for his interest and advice 


The Kmeticn of the Heterogeneous Thermal Decomposition of 
Methyl Formate 

By E W R Steacie, Physical Chemistry Ijaboratory, McGill University, 
Montreal 

(Couununicatcd by A S Eve, F R S — Received February 7, 1930 ) 
Introduction 

In investigating the rates of chemical reactions, gaseous systems are to be 
preferred on account of their simplicity The investigation of the thermal 
decomposition of organic compounds in the gaseous state possesses the added 
advantage that there is only one reactant The present investigation deals 
with the thermal decomposition of gaseous methyl formate 

Apparatus 

The apparatus was essentially the same as that which has been employed 
by Hinshelwood and his co-workers m a large number of investigations * 

A silica reaction bulb was contained in an electric furnace of a type which 
has been previously described f This was comiected to a glass capillary 
manometer by capillary tubing and a De Khotmsky seal Connection was 
also made through stopcocks to a reservoir of methyl formate or to the pump- 
ing system All the connecting tubing between the methyl formate reservoir 
and the furnace, including the manometer, was wound with mchrome wire 

♦'Roy Soo Proo, A, voL 111, p 246 (1926), vol 113, p 221 (1927), vol 114, 
p 84 (1927), etc, 

t Steacie and Johnson, ‘ Roy Soo Proo A, voL 112, p 642 (1926) 
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and was kept at a temperature of about 60° C {te , about 30° above the boding 
point of methyl formate) At this temperature the Dc Khotinsk> seal did 
not soften sufficiently to be troublesome 

The volume of the reaction bulb was about 60 c c and that of the dead space 
outside the furnace about 1 0 c c Hence the gas not m the reaction vessel 
was only about 2 per cent of the total amount and could be neglected without 
serious error 

Temperatures wore measured with a constant- volume nitrogen thermometer 
which had been checked at the freezing and boihng points of wati r and at the 
boiling point of snlphur 

Two samples of methyl formate were used The hrst was obtained from 
the Eastman Kodak (^ompany It was distilled from phosphorus pentoxide 
three times to remove water and was then fractionated four times The second 
sample was prepared from methyl alcohol and formic acid* and was then dried 
and fractionated as before The two samples had identical boiling points 
and there was no detectable difference m their behaviour dimng the course 
of the investigation 

Experimental Procedure 

Before makmg an experiment the reaction vessel was i vai uati d thoroughly 
by means of two mercury condensation pumps in series The furnace was 
brought to the desired temperature and the heatmg element surrounding the 
manometer was switched on The tap leadmg to the methyl formate supply 
was opened, methyl formate vapour entered the apparatus, the tap was qiuckly 
closed again and the pressure and time were immediately read Subsequent 
pressure readings were taken from tunc to time until the reaction had reached 
completion The course of the reaction was followed bv tlie rate at which 
the pressure mcreased 

The analysis of the products and the mechanism of the reaition will be 
discussed later It may be mentioned here that the mam reaction consists 
of the decomposition of methyl formate into methyl alcohol and carbon mon- 
oxide, involvmg the doublmg of the mitial pressure 

The Effect of Surface 

After a series of experiments had been made, the reaction vessel was dis- 
connected, powdered sihca made from the same tubing was added, and the 
vessel was sealed on again After the addition of the powdered silicji the 

♦ Perkin, ‘ .1 Chem. Soo ,’ voL 46, p 489 (1884) , Young snd Thomas, ibxd , vol 63, 
p 1191 (1893) 
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reaction velocity was about 29 times greater than before at all temperatures 
A sample of the same sihca powder was exammed microscopically usmg a 
micrometer eyepiece, and its surface was estimated The total surface of 
the Bihca after the addition of the powder to the reaction vessel was calculated 
to be about 26 9 times greater than before Considenng the approximate 
nature of the estimation of the surface, this corresponds with the increased 
reaction rate within the experimental error It may be concluded, therefore, 
that the reaction takes place entirely at the surface of the sihca The 
complete heterogeneity of the reaction is further confirmed by the fact that 
the temperature coefficient was unaltered by the addition of powdered sihca 
and IS satisfactonly expressed by the Arrhemus equation 

The Course of the Reaction 

The products of the thermal decomposition of methyl formate have been 
the subject of two previous investigations The rate of the reaction, however, 
was not mcluded in either of these 

Hurd* points out that since formates possess the functional groupmg of 
aldehydes it is possible that they will decompose m the same manner, viz , 
HCOOCH, = CO + CH3OH 

Muller and Peytralf studied the decomposition of methyl formate vapour 
when passed through platmum tubes at 1160® C From the analysis of the 
products they concluded that the reaction probably occurred in stages, methyl 
formate first giving formaldehyde, 

HCOOCH, = 2HCHO, 

which was then followed by the decomposition of the formaldehyde m the 
manner found by Bone and Simth,| 

HCHO = CO + H, 

The gaseous products of the reaction were carbon monoxide 63 per cent , 
hydrogen 43 1 per cent , methane 1 5 per cent , carbon dioxide 1 8 per cent 
Formaldehyde was also isolated together with a small amount of methyl 
alcohol which, they suggest, results from the hydrogenation of the formaldehdye 
The results of the present investigation are at vananoe with the above 
explanation As will be shown later, the reaction apparently consists of a 
* ‘ Pyrolysis of Carbon Compounds,’ Now York, 1929, p 524 

t Muller and Peytral, ‘ C R ,* voL 179, p 831 (1924) , Peytral, * BuU. 800 Chim.,’ 
ToL 87, p 562 (1926) 
t ‘ J Chom. Soo ,’ vol 87, p 910 (1906) 
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rapid decomposition involving the doublmg of the imtial pressure, followed 
by a slow secondary reaction This fact, taken m conjunction with the results 
of the analysis of the products, mdicates that the reaction proceeds thus 
HOOOCH 3 = CH 3 OH + CO 
The alcohol then decomposes in stages* 

CH.OH = HCHO I- H, 

HCHO =CO-fH, 

It has bctii shown Boiu and Smith {Utc nt ) that in the decomposition of 
forraaldohyile at low tompiTatuies some (ondensation products are formed, 
together with < arlnm inonovide, hydrogen, and some methane and i arbou 
dioxide This is m agreement with the lesults of the present luvi stigation, 
since small amounts of carbon dioxide and methane are formed and the final 
piessure never reached four times the imtial pressure, presumably due to 
condensation of some of the products in the later stages of the reaction 

The Analyns of th( Prolurls of the Reaction 
Oaseous Pioducli — The gaseous prodiuts of the reaction were analysed in 
a small form of llomiiel apparatus, samples of about 5 c c bemg used 

In the eaily stages of the reaction the gasc'ous products i/onsisted entirely 
of carbon monoxide This lesult was independent of the temperature or 
pressure at which the reaction was carried out When the reaction had pro- 
ceeded to such an extent that the ratio of tin pressure to the imtial pressure 
had reached about 1 7, hydrogen appeared as a product together with small 



2 J 4 S 

ccyn, 


Fio 1 — The Gowous Prodiiota of the Reaction, 

* Nef, ‘Ann D Chem Gee,’ vol 318, p 191 (1901), Bone and Davies ‘J Chem 
800 vol 106, p 1691 (1914) 
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amountft of carbon dioxide and methane Ae the reaction progresse^l farther 
the proportion of hydrogen m the products increased rapidly Finally, when 
the ratio of pressure to initial pressure reached about 3 0 the amount of 
hydrogen became equal to that of carbon monoxide 
In fig 1 the carbon monoxide-hydrogen ratio is plotted against the ratio 
of pressure to initial pressure It will be seen that within the experimental 


error the CO/H, ratio is independent of the temperature 

Some sample 

analyses follow — 

T- 


per cent 

Temperature = 486“ C 

CO 

62 9 


lij 

33 0 

Imtial pressure j=: 36 9 cms 

COj 

2 4 


CH4 

2 3 

Sample taken when P/P^ = 20 

CO/Ha 

= 1 90 

II- 

Temperature = 485° 0 

CO 

90 1 


H, 

9 8 

Imtial pressure = 22 5 cms 

CO, 

0 0 


CH4 

0 0 

Sample taken when P/P,, = 1 63 

CO/II, 

= 9 19 

III- 

Temperature = 423“ C 

CO 

46 4 


H, 

41 8 

Imtial pressure = 17 2 cms 

CO, 

0 2 


CH4 

6 8 

Sample taken when P/P^ = 2 91 

CO/H, 

= 1 08 


Other Producti — On account of the very small amounts of products which 
were available, only quabtative tests were carried out for methyl alcohol and 
formaldehyde The products were withdrawn from the reaction vessel into 
an evacuated tube The condensable products were then removed by means 
of a U-tube surrounded by solid carbon dioxide and acetone The condensed 
material was washed out later with a few drops of water and teated colori- 
metncally 

The test which was used for formaldehyde was the phenyl hydrazine hydro- 
chloride method described by Sohryver • 

* ‘ Roy Soc Proc B, vol 82, p 226 (1909) 
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If formaldehyde were absent, the solution was ezanuned for methyl alcohol 
by the oxidation of the methyl aloohol to formaldehyde by means of a hot 
copper wire dipped mto the solution, and the subsequent test for formaldehyde 
by the method of Schryvet 

In the early stages of the reaction no formaldehyde could be detected in 
the products but very definite tests for methyl alcohol were obtamed In the 
later stages of the reaction formaldehyde was easily detectable 

The results obtamed for the rate of decomposition, together with the analyses 
of the products, definitely indicate that the course of the reaction is that 
previously mentioned, viz , 

HCOOCH3 = CHjOH + CO 
OH,OH = HCHO + Hg 
HCHO = H, + CO 

At any rate there seems to be no doubt that the primary reaction under 
investigation is the decomposition of methyl formate into methyl alcohol and 
carbon monoxide, mvolving the doubhng of the imtial pressure 

The VehcUy of the Reaction 

Correction for the Slow Secondary Reaction — As mentioned above, the mam 
reaction is apparently followed by slow secondary changes The first requisite 
for the mterpretation of the experimental results is the disentanglement of the 
mam reaction from the slow later reactions 

In fig 2, curve A, the ratio of the pressure to the imtial pressure is plotted 



Fio 2 — Correction for Secondary Reaction Temperature, 423" 0 Initial Pressure, 
23 20 cm. 


vor, CXXVII — A 
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against time for a typical experiment It will be seen that the pressure 
increases rapidly at first and appears to be about to reach eqiiihbnnm at double 
the imtial pressure Instead of this, however, a very slow, practically Imear, 
increase in pressure takes place in the later stages of the reaction If this 
linear portion of the curve is extrapolated back to zero tune, it mterseots the 
P/pQ axis at a value of 2 0 This hne, B, represents approximately the rate 
of increase in pressure due to the secondary reaction At any time the distance 
between B and the ordinate PyP, = 20 represents the increase in pressure 
due to the secondary reaction, which must be subtracted from the value of 
P/Pq in curve A to give the true rate of the primary reaction Curve C is 
constructed from the difference between A and B in this way Except m the 
later stages of the reaction this correction is almost negligible, so that no 
appreciable error is introduced by its approximate nature All the experi- 
mental results desenbed in the succeeding sections have been corrected in 
this way In no case is the correction large except towards the end of the 
reaction 

The Dynamics of the Reaction —It has been shown by Hinshelwood and 
]^ri( hard* that in a heterogeneous ummolecular reaction if the reactmg gas is 
only slightlv adsorbed, while one of the products of the reaction is strongly 
adsorbed, the rate of the reaction will be given by the equation 

dx _ K (g - ^) 
dt ~ 1 -f ’ 

where a is the onginal concentration of the reactant, x the amount transformed 
at time t, K the velocity constant, and 6 is a constant which depends on the 
degree of adsorption of the product This equation satisfactorily expresses 
the rate of thermal decomposition of methjl formate On integration we, 
obtain 

K==l±-^ log-£_-^ 
t *a-x t 

As Hinshelwood and Prichaid point out, the applicability of this equation 
may be tested as follows 
Ijct 1 jt log a/a — X = K„, and xjt — v 
The above equation then becomes 

K = (1 -f- ah) K„ - K 
or 

ii = (a-f l/6)K„-K/6 

* ‘ J Chem Soc vol 127, p 327 (1925) 
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Henoe shotild be a bnear ionotion of v. The hneanty of the expresnon 
■will be a test of the form of the equation The values of the constants will 
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Fio 3 — Temperature, 423° C Initial Preaeure, 23 20 cm 


only aflect the slope and the intercepts on the axes Fig 3 is an example of 
the agreement of the experimental results with the form oi the above equation 
The slope of the Ime in fig 3 is equal to a + 1 /6 and the mteroept on the v 
axis gives the value of — K/6 The complete data for two runs are given in 
Tables I and II The constancy of the figures in the last column of each table 
proves the apphcabihty of the equation 


Table I — Powdered sihca added to bulb Temperature = 423° C Imtial 
pressure = a = 23 20 ems 


Time 




j «+l 36 

(t)+l i6)/K,,- 0+1/6 

"To 

2 60 

5 20 

0 244 

1 

6 65 

26 8 

1 0 

4 31 

4 31 

0 207 

6 66 

27 4 

1 6 

5 60 

3 78 

0 100 

6 13 

27 0 

2 0 

6 00 

3 46 

0 174 

4 80 

27 6 

3 0 

8 82 

2 04 

0 160 

4 20 

27 0 

4 0 

10 11 

2 63 

0 143 

3 88 

27 2 

6 0 

12 43 

2 07 

0 127 

3 42 

27 0 

10 0 

16 18 

1 62 

0 106 

2 87 

27 1 

20 0 

18 60 

0 08 

0 080 

2 28 

27 5 


Mean 27 2 


Slopo-o + l/<i-27 2 Intercept =1 - K/6 1 35 Whence K - 0 338 6 - 0 280 
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Table II— No powdered aihoa added Temperature = 512® C Imtial 
pressure = o = 14 01 oms 



The varuU%on of b ” — In any one experunent the above equation fata the 
experimental results with practically perfect accuracy At constant tempera- 
ture, however, b vanes decidedly with the initial pressure of the reactant 
In fig 4, IS plotted against v for experiments at four different imtial pressures 
The data from fig 4 are summansed in Table III 



Fio 4 — Tempentuie, 612° 0. Varioni Piewurea 
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Table III - Temperature = 612° C 


a 1 

Slope 1 

Intercept 

4 

1 

^ 1 

06 

4 82 

4 06 

-0 34 1 

1 54 

0 525 

6 66 

14 01 

16 1 

-1 03 

0 476 

0 401 

1 6 68 

27 20 

31 1 

-1 00 

1 0 266 

0 486 

6 06 

46 63 

64 6 

~3 51 

0 127 

0 445 

5 OS 


The product ah is thus practically constant In other words, b is inversely 
proportional to o The data fiom a senes of experiments at a different 
temporature are given m Table IV 


Table IV - Temperature 486° 



Slope 1 

I Intercept 

6 j 

K 

ab 

9 70 

12 0 

-0 270 

0 845 

0 0690 

3 34 

14 41 

10 3 

-0 261 

0 240 

i 0 0628 

3 46 

25 02 

32 0 

-0 340 

0 164 

0 0558 

4 25 

35 40 

45 0 

-0 600 

0 104 

0 0608 

3 68 


The same variation of 6 with the initial pressure is shown here It should 
be emphasised that since b is the reciprocal of the difference between two 
quantities of similar magnitude, small expenmental errors will be very greatly 
magnified m caloolating the value of b Consequently more than approximate 
constancy of the product ah cannot be expected The moat significant point 
18 that there is no steady drift in the product ab with changing pressure 
The above equation may be modified so as to include the variation of b 
with the imtial pressure If we replace 6 by a new constant o such tliat 
Cos ah, we have 

^ ^ ~ 

dt 1 4- cxja 

On integration this gives 


1+0 

t 


log - 


cx 

at 


The E^ect of Temperature — The effect of temperature on the constant c 
is shown in Table V. 
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Table V 


Empty bulb 

Powdered dlioa added 

Temperature 

°C 

j (average) 

Temperature 

1 (average) 


467 

4 04 

368 

3 81 

486 

3 68 

423 

6 80 

612 

6 65 

457 

4 12 

660 

5 1> 

486 

393 

0 03 

4 46 


If there is any variation m the value of c with changing temperature, it is 
very small compared with the vanatiou m K, the velocity constant The 
extreme variation in the value of K for the conditions given in the above 
table 18 about 67-fold Hence, considering the magnification of errors m the 
calculation of the constant, we may regard c as independent of the temperature 

The Ord^r of the Reaction 

If the equation 

K = L±i* 

t a — X t 

holds for the reaction velocity, then the time to 1/2 value will be given bv 
T — { (1 -1- ab) log ‘2 — ia6)/K 

As shown above, 6 vanes inversely as the initial concentration and must be 
replaced by cja The expression for the half-hfe then becomes 
T-{{l + c)log2-ic}/ii 

Hence T is independent of the imtial concentration and the reaction should 
be kmetically of the first order. 

In order to reduce the effect of the retardation to a minimum the time for 
the reaction to proceed 16 per cent has been used instead of the time to 1/2 
value As may be seen from Tables VI and VII, the time for the reaction to 
proceed 16 per cent is independent of the pressure within the experimental 


error 
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Table VI 




The Temperature Coefficient and the Heat of Activation 
The temperature coefficient of the reaction can also be obtained from the 
results given in Tables VI and VII In fig 5 the logarithm of the time to 
16 per cent completion is plotted against the reciprocal of the absolute 
temperature The hneanty of the curves shows the applicabihty of the 
Arrhemus equation, 

— E/RT>, 
dT 
or 

^ = e/RT*, 
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where t is the time to 16 per cent completion, T is the absolute temperature 
and E is the heat of activation The value of E, the heat of activation, 
calculated from the slope of the Imes m fig 6, is — 

Empty bulb E = 49,000 cal per gram mol 

Sihoa added E — 47,600 „ 


Mean 48,700 

The Betardalton of the Reaction by the Products 
Smoe the rate of the reaction is given by the equation 


dxjdt — 


K(a-a;) 

1 + ox/a ’ 


one of the products must be adsorbed so strongly that the free space is inversely 
proportional to the pressure of the product * In an attempt to confirm this 
the effect of various added gases on the rate of the reaction was determined 
A senes of experiments at 393“ C were made with methyl formate alone 
The effect of added carbon dioxide, methane, carbon monoxide, hydrogen, 
an d water vapour was then mvestigated Some experiments were also earned 
* Huuhelwood and Prichard, loc cU 
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out m the presence of the products of a former experiment which had been 
allowed to go to completion None of these additions produced any alteration 
m the rate of reaction, as may be seen from Table VIII 

Table VIII — The Effect of added Gases on the Tune for the Beaction to go 


to 16 per cent completion at 393° C 


Initial prewure of 
methyl formate 

Added gas | 

Pressure of added 

Time to 16 ^r cent 
completion 


gas 

om* 

1 

1 


s ee 

None 1 

! 

101 

20 69 



100 

40 18 


- 

104 

26 10 

Carbon dioxide 

6 02 

102 

10 45 


45 27 

98 

20 17 

Methane 

10 11 

101 

20 90 


43 33 

104 

19 87 

Carbon monoxide 

0 8« 

97 

21 31 


41 04 * 

101 

21 12 

Hydrogen 

6 96 

112 

17 84 

26 01 

102 

19 03 

» 

42 78 

104 

6 03 

Water vapour 

2 61 

106 

3« 71 

1 71 

99 

20 01 

Products of former 

16 66 

101 


reaction 



29 84 


20 66 

104 

30 33 

1 " 

44 00 

102 


It appeared therefore that the retardation must be due to some product 
formed in the early stages of the reaction and decomposed before the reaction 
had reached completion The effect of added formaldehyde and metliyl 
alcohol was therefore mvestigated 

Formaldehyde — ^Formaldehyde was prepared by heatmg paraformaldehyde 


A small amount of decomposition of the formaldehyde occurred at 393° C 
for which a correction was applied The results are summarised below 


Initial pressure of 
methyl formate 

Pressure of added 
formaldehyde 

Time to 16 per cent, 
completion 

20 61 

1 I 62 

101 

19 87 

1 0 71 

107 

20 43 

14 24 

104 

20 86 

20 16 

108 

7 02 

1 20 08 

107 
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There thus seems to be a very small retarding effect due to the addition of 
formaldehyde It is not, however, muoh larger than the experimental error 
Methyl Alcohol — At 393° C there was also some decomposition of methyl 
alcohol for which a correction had to be applied This correction was con- 
siderably larger than that with formaldehyde and consequently introduced 
some uncertainty into the calculation of the reaction velocity The alcohol 
was found to have a retarding effect which was independent of the absolute 
concentration, but was dependent on the ratio of the concentration of methyl 
alcohol to that of methyl formate The effect is summarised m Table IX 


Table IX --The Retarding Effect of Methyl Alcohol 


(CH.OH) 

(rtCOOCH.) 

Bate expressed as per oe 
deoomposed m 100 seoon 

„t 1 

ds 1 

Bate 

calculated 

0 00 

U 9 

i 

14 0 

0 68 

9 0 


4 16 

0 70 

7 0 


3 35 

0 88 

6 8 


J 02 

1 18 

« 0 


2 37 

2 09 

4 1 

! 

1 44 


The figures given in the last column are calculated from the expression 

Rate 9 ^ 14_9 

I +cxla 1 -f- 4 46 (CH,OH) /(HCOOCH 3 ) 

While the retardmg effect of the alcohol is considerable, it is very much leas 
than the calculated amount In order to brmg the observed and calculated 
values mto hne, it would be necessary to lower the observed value of the con- 
stant c from 4 46 to about 1 2, which is quite outside the expenraental error 
In any case, if the alcohol were the cause of the retardmg effect the rate of 
reaction should be expressed by 

dx _ K (o — j) 
dt 1 -f &r 

Instead of this, the observed behaviour is expressed by 
dx _ K (g — a;) 
dt 1 -f- cx/a 

It seems probable, therefore, that the retarding effect is caused, not by methyl 
alcohol itself, but by some product present in small amount which arises from 
the decomposition of the alcohol. 
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The Addition of the Produote of the Reaction —In order to prove that the 
peculiar retarding effect really existed and was not an apparent effect dne to 
some error in the interpretation of the mechanism of the reaction, some 
■experiments were carried out in which the reaction was allowed to proceed 
for a short time and more methyl formate was then added For example, 
in one experiment the imtial pressure of methyl formate was 12 02 cms 
When the reaction had proceeded for 120 seconds the ratio of pressure to imtial 
pleasure was 1 17 By calculation, therefore, the partial pressure of methyl 
formate remaimng was 9 96 cms , and that of the products 4 12 cms From 
the results of other expenmonts it was calculated that if the reaction had 
proceeded further the time requiretl for 15 per cent of the remaining methyl 
formate to decompose would have been 151 seconds When the reaction had 
reached this stage methyl formate sufficient to increase the pressure by 15 71 
cms was added The total concentration of methyl formate present was then 
16 71 + 9 96 = 25 67 cms The time taken for 15 pet cent of this to 
decompose was 163 seconds 

Apparently, then, the time for the reaction to proceed, say, 16 per cent , is 
m no way dependent on the relative quantities of reactant and products, or 
on the initial pressure of the reactant The retardmg effect presumabh 
•depends merely on how far the reaction has proceeded, te , on the ratio xja 
The conclusions previously reached regarding the dynamics of the reaction are 
therefore confirmed 

The retardmg effect in other examples was similar in every way to the above 
The effect of tlie products increased with time, i e , with xju, until the ratio 
P/Po had reached about 1 7 After this the retardmg effect of the products 
decreased with time, and after the ratio P/Pq had passed 2 0 the products 
■exerteti no retarding effect 

It might be thought at first sight that the retarding effect is caused by some 
product, present in small amount, which anses by a zero order decomposition 
•of methyl formate If this were so its concentration would be dependent only 
on the duration of the reaction, and therefore in the early stages of the reaction 
roughly proportional to x/a This, however, is quite impossible since the zero 
■order decomposition of methyl formate would mean very strong adsorption of 
the reactant, while the observed rate of reaction corresponds to a very small 
adsorption of the methyl formate 
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Sumtnary 

The thermal decomposition of gaseous methyl formate has been mveslagated 
in silica vessels from 368° C to 660° C The decomposition is entirely hetero- 
geneous and 18 retarded by the products of the reaction The rate of the 
reaction is expressed by 


- J. (HCOOCH 3 ) = 


KfHCOOCH,) 

1 -f c(CH 30 H)/a ’ 


where c is a constant, and a is the imtial concentration of methyl formate 
The temperature coefficient of the reaction is m agreement with the Arrhemus 
equation The heat of activation is 48,700 calories per gram molecule 


I'he Spectra of TreUy-iontsed Oxygen {0 IV) and Trdly-wmaed 
Nitrogen {N IV) 

By L J Fbeehan, Ph U , D I C , Imperial CoOege of Science and Technology, 
South Kensington 

(Communicated by A Fowler, F R S — Received February 26, 1930 ) 

(1) The Spectrum op Trebly-ionised Oxygen (OIV) 
Intioduclory 

The spectrum of trebly-iomsed oxygen has been mvestigated in the extreme 
ultra-violet by Bowen,* who has identified five of the deepest doublet terms, 
namely 2p *P, 2p' *S, 2p' *P, 2p' *D and *P A hst of 76 hnes m the near 
ultra-violet, attnbuted to 0 IV, was given by Mihul,t but no classificatious 
were made 

The present paper deals mainly with the identification of the 3« ^S, 3p *P, 
M terms of the doublet system, and of the 3s', 3p' and 3d' terms of the 
quartet system from their combinations occurring m the visible and near 
ultra-violet regions The spectrum has been photographed on vanous instru- 
ments from X 7000 to X 1250 by usmg strongly condensed discharges in vacuum 
tubes contauung oxygen The detection of some of the famter multiplets 

• ‘ Phys. Rev ,’ vol 29, p 237 (1927) 
t * Tbeus, Umvemty of Nancy,’ Pari* (1927) 
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was greatly facilitated by the prediction of their positions by extrapolation 
from corresponding multiplets m C II* and N III t As the region investigated 
IB nch in lines of O II and 0 III, there are many instances of O IV lines being 
masked by lines of O II and O III 

Predicted Terms 

The predicted terms of 0 IV are shown in Table [, the notation adopti<l 
being similar to that used by Fowler and others in recent papers ;{ 


Table 1 -Predicted Terms of O IV 


1, 

2i 2, 

3i 

^ j 1 Adopted 1 


Tormn 

2 

1 2 1 


1 2/) 

»P 



2 

1 2 

1 

1 




2 

1 2 


1 3p 

ip 



2 

i 2 


1 1 3d 




2 

1 2 


1 2p 


«P 


2 

1 1 

1 

3s 

‘P 



2 

1 1 


1 3p' ! 

1 1 3d' j 

♦S 

*P 

‘D 

2 

1 1 


‘P 

‘D 

*F 

2 

^ i 


1 



•s 


Doublets 

The 2jP *D term was identified by its combinations with 2p' and 2p’ *D, 
the former givmg a very strong diffuse doublet with i inerted satolUte at 
X 1343 A prmcipal pair and a diffuse pair with satellite, having a common 
separation of 87 wave-number umts, served to identify the 3i ^S, ip 3d *D 
terms which also were found to combine with some of the deepest terms giving 
fines m the extreme ultra-violet In Table II are collected the doublet lom- 
bmations observed, including those given by Bowen The term values are 
based on Bowen’s estimate of 623500 for 


* A. Fowler and E W H Selwyn. ‘ Roy 8oo Proo A, voL 118, p 34 (1928) 
t L. J Freeman, ‘ Roy Soo Proo A, vol 121, p 318 (1928) 
t A Fowler, ‘ Roy Soo Proo ,’ A, vol 117, p 317 (1928) , vol 123, p 422 (1929) 



Table II — ^Doublet Combinations in O IV 


332 


L. J. Freeman 



t AbjBoven. 



Trehly-%omsed Oxygen (0 IV) and Nitrogen {N IV) 333 ^ 

QvarteU 

Of the quartet terms, only those of principal quantum number 3 have been 
identified — from combinations among themselves Their combinations with 
terms of prmcipal quantum number 2 or 4 would occur far down m the 
Schumann region, probably below X 1300 
The term values are based upon the value 269000 for 3s' *P, derived by 
extrapolation of \/T/R for C II and N III Thus 

Values of-^TtR for 3a' *P 

C II Diff N III DifE O IV 

(assumed) (assumed) 

0 869 (f .149 1 218 {0 Vid) (1 567) 

The quartet combinations observed arc given in Table III, and the term 
values are collected in Table IV Table V is a list of lines of 0 IV and includes 
the list previously pubhshed by Bowen The disruptive discharge necessary 
to produce the 0 IV spectrum is very favourable also to the appearance of 
impurity lines, so that it is unsafe to ascribe famt hnes to 0 IV unless they 
tan be classified Actually there are very few Imes in the region considered 
which could possibly be ascribed to 0 IV and which have not been classified 
The most outstanding are X2921, X 2916 and X2460, X 2449 These, by 
analogy with corresponding hues in the spectrum of N III, have been pro- 
visionally classihed as 4p — Ss *S and 4/^F — 6(7 *Q respectively 

ave-numbers enclosed m brackets have been calculated from multiplet 
structures 

Table 111 —Quartet Combinations in 0 IV 




3*'‘P, 

1 269000 0 

1 

246 9 

3a' «P, 
269246 9 

135 1 

sy*?, 

269382 0 

3p'*P, -= 

1 

229169 2 

39840 8 (8) 

246 9 

40087 7 (7) 




129 1 

129 2 


129 1 



3j)'‘P, == 

229288 3 

39711 6(7) 

247 0 

39968 6 (4) 

136 1 

40093 7 (7) 

94 5 


94 5 


94 5 

3i>'‘P, = 

229382 8 



39864 1 (7) 

135 1 

39999 2 (3) 


239471 1 

29628 9 (8) 





209 7 

209 6 





8p'‘D, = 

239680 8 

29319 3 (2) 

246 8 

*29566 1 (4) 



135 5 

13S 4 


m 3 



3p'*D, = 

239816 3 

29188 9 (0) 

246 9 

29430 8 (2) 

136 3 

•29666 1 (4) 

7S S 





3p'*D. 

239896 1 



t[20361 8] 


t[2948e 7] 

Sp'‘8, = 

283762 7 

36247 6 (8) 

246 7 

35494 2 (4) 

135 1 

86629 3(3) 


*Uw<ltwice tom line at 20863 4 t O II line at 29487 83 
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Table III — (continued) 


3p'*D4 3y*D, 3p'«D, 

239471 1 209 7 239680 8 m S 239816 3 78 8 239895 1 


3d' *F, ~ 212717 7 
164 1 

Sd'^ht - 212871 8 
112 4 

3d’ *Fa - 212984 2 

3d’ ‘F, - 213063 0 

*26753 4 (4) 

164 2 

26599 2 (0) 209 8 26809 0 (3) 

112 4 

[26480 9] 26696 6 (0) 135 6 *26832 2 (2) 

[26617 8] *26763 4 (4) 78 8 *26832 2 (2) 

3d’ ‘D^ = 208323 9 
64 6 

3d *D, 208388 S 

48 7 

3d *1), =m 208435 2 
28 9 

3d ‘U, = 208464 1 

31147 2 (3) [31366 9J 

[31082 6] 31202 3 (1) [31427 8] 

46 7 

31245 6 (1) 136 4 31381 0 (0) 78 3 31469 3 (0) 

[31352 2] 31430 4 (0) 

• Used twice 


3p «P, 3p «P, 3p'*Pi 

229169 2 129 1 229288 3 94 6 229382 8 

8<i'*D4 = 208323 9 
64 6 

Sd’*D, = 208388 5 
46 7 

3d' <D, 208435 2 

8<i'*D, = 208464 1 

20836 1 (6) 

64 1 

20771 0(1) 128 7 20899 7(4) 

47 1 

[20724 0] 20862 6 (2) 94 6 20947 2 (2) 

28 5 

[20824 1] 20918 7 (2) 



3d’ *P, 3d’ ‘P, 3d ‘P, 

204130 <S —113 4 204022 6 - 79 2 203943 4 

8i>'*S, = 233752 7 

29616 8 (3) *[29730 1] 29809 3 (2) 

8p'*P, =• 229169 2 
129 1 

3p'*P, = 229288 3 
94 S 

3j>'‘Pi = 229382 8 

26023 2 (2) -113 7 25136 9 (1) 

[26162 2] [25265 6] [26344 8] 

26360 8 (0) [25430 4) 

3p'*D4 =» 239471 1 
209 7 

3p' •!>, - 239680 8 
136 6 

8p'‘D, = 239816 3 

8p'‘Di « 289896 1 

35336 2 (2) 

209 6 

35544 7 (0) -113 3 35658 0 (1) 

[36680 3J [36793 7J [36872 9] 

[35872 6J [36951 7J 


MMked bj O m Uae »t 29732 17 
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Table IV — Quartet Terms of 0 IV 


8^'‘P, 


3p'*D, 

D, 


D* 


3p' ‘S, 

3p' ‘P, 


P, 


269382 0 
269246 9 
269000 0 

239896 1 
239816 3 
239680 8 
239471 1 

233762 7 


735 1 
246 9 




F. 

F. 

F, 


7S <t 


m 6 

209 7 


3<i'*D, 

D, 


Di 

^4 


213063 0 
212984 2 
212871 8 
212717 7 

208464 1 
208436 2 
208388 5 
208323 0 


7H 8 
772 4 
754 7 

28 9 
46 7 
64 6 


94 6 
129 1 


3<i'*P, 204136 0 

-in 4 

P, 204022 6 

- 79 2 

P, 203943 4 


Tabk V LimsofOIV 


4813 07(1) 

4798 26 (6) 
4794 22 (2) 
4783 43 (4) 
4779 09 (2) 
4772 67 (2) 


3744 73 (0) 
3736 78 (4) 
3729 08 (3) 
3726 81 (2) 

3426 87 (0) 
3418 68 (1) 
•3411 76(4) 


(20724 01 
20771 (» 
[20824 Ij 


j 2 >023 2 
I 26136 9 

I [26182 2] 

i [26266 6J 
[26344 8] 
26380 8 
[26439 4] 

[26486 0J 
26609 2 
[26617 8J 


3376 60 (3) 
3353 70 (2) I 

3209 ( 

3199 1 
3194 76(1) I 




I 29119 3 
[29351 8] 
I 29372 4 
; 29410 8 
[29486 7] 
29528 9 
29566 1 

29616 8 
[29710 1] 
29809 3 

I [31082 6) 

31246 6 
11292 3 
[31352 2] 
[31356 9] 
31381 0 
[31427 8] 
114 10 4 
11469 3 


‘P. 

*Pi 




‘D. 

*D, 

‘D, 


3p'‘l>j - W'‘D 
D, D, 

D, D 

D, D 

D, 1)- 

D, D 

D, D- 

D, D 

D, D 

1), D- 

3»»H, - Ip'P, 
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Table V— (coutinued) 


2836 26 (6) 
2629 18 (2) 
2810 63 (4) 


2817 40 (7) 
2609 23 (8) 
2807 77 (7) 
2601 84(4) 
2499 30 (3) 
2493 78 (7) 
2493 40 (7) 

•2460 06 (10)1 


36247 6 

V‘P, - 

36336 6 

3p ‘D, - 

36494 2 

P, 

(36644 8] 

Dj 

36629 3 

P, 

36667 9 

l>a 

[36793 7| 


[36872 6] 


[36872 9] 

1), 

[36961 7] 

1>1 

39711 6 

3«'‘P. - 

39840 8 

P, 

39864 1 

P, 

39968 6 

P, 

39990 2 

P, 

40087 7 

P, 

40093 7 

P, 

40S02 9 
40814 6 

4/>l., - 

Pa 


- V‘P, 

P, 

‘S 


- 3p'*P, 
P, 
P, 


' 1343 66 (7) 

, 1343 06 (4) 

I 1338 66 (6) 

, t4»23 31 (3) 
t92l 27 (2) 
1802 21 ( 1 ) 
i t790 206 (0 
t787 716 (6 

82(1) 

848(4) 
126 (4) 
609 (3) 
93(1) 
828 (4) 
390(4) 
270 (4) 
607 (6) 
066(6) 
318 (4) 
«( 0 ) 
7(1) 
6(1) 


' t626 8 
I t625 I 
t024 6( 
I t6l6 9, 

,1 

' t666 2 
I t564 6 
t564 0 
tWS 3 


1 ^ 

CImr 

1 

! 74429 7 

2p'*P, 

' 74466 9 

P, 

74701 2 

P, 

108306 

2p SP, 

108646 

P, 

124066 

2p =.S, 

126649 4 

2p 

126949 3 

p, 

128234 

2p •!> 

169783 

2;/ 

169968 

P, 

10010(1 

' Pi 

162093 

2p •!) 

163981 

2/1 >P, 

164368 


180093 

2p V 

180340 

P, 

180484 

P, 

180728 1 

Pi 

261436 

3;i P 

13761 1 

2p P 

419041 

>p P 


2;)**P, 

P, 

- 2p‘*Pi 


(2) The Spectrum op Trebly-ionisfd Niihooen (N IV) 

Nothing has previously been pubhshed on the spectrum of N IV except an 
identification of a PP' group by Milbken and Bowen * The predicted terms 
shown m the table are similar to those of the arc spectra of the alkalme earths - 
mostly simple smglet and tnplct terms The extrapolated values given have 
been denved by apphcation of the irregular doublet law to the terms of Be I, 
B II, and C III. 

In order to distmguish N IV lines from those of N 111, spectra have been 
photographed with various mtensities of discharge, the hnes ascribed to N IV 
being those which were found to reqmre a stronger discharge for their develop- 
ment than neighbounng N III bnes 

Only the 3s ®S, 3p ®P, 3d *D terras have been identified with certainty, the 
8 and P terms combimng to give a triplet at X 3484, and the P and D terms 
giving a group at X 7123 A very strong, easily excited Ime at X 1718 may be 
the resonance Ime 28^So — 2p®Pj As has been pointed out before, f its 
position accords well with the result obtamed by extrapolation from the 
♦ ‘ Phys Rev voL 26, p 164 (1926) 
t ' Roy Soc Proo A, v*L 121, p. 339 (1928) 
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resonance lines of B II and C III The only other prominent hues of N IV 
in the region investigated (X900-X7600) form a triplet at X 264b which is 
almost certainly the combination 4/®F — % ®0, expected to oc cur approxi- 
mately at lfaN/4» 16/N5* 39600 (X 2640) 

It is of interest to note that the SP triplet at X 3478 occurs very strongly in 
the spectra of some high-excitation Wolf-Hayet stars * notably B D 35° 4001 
47° .4821 and 36° 3987 It is probable thciefore that the spectra of these 
stars would also show the PD group at X7124, but no observations appear to 
have been made in this region 

Predicted Terms of N IV 


li 2i 2, I S, S, PreAx ^ Torma and uxtrapolat-ed values 


2 

2 

2i 

1 ‘8 (606000) 



1 » ! 

Zp 

j ‘P (478000) 

»P (345000) 


1 1 

1. 

' tS (22(.000) 

•S (239000) 

2 

■ ! ■ 

ip 

1 'P (202000) 

*P (211000) 

2 


\d 

^ ‘D (189000) 

•i) (198tH>0) 


; 

4/ 

■1- ( 

) 

•t (111000) 




1 ( 

) 

"O (71000) 

2 

2 

2p 

^ ( 
>D ( 

) 

) 

»P (131000) 


lenim involved i 

n observed 

cumlrtnatiouB a 

re underlined 


3p 'F, 
210261 7 

35 4 

3,1 >F, 
210297 1 

JS H 

ip »P„ 
210212 9 

3« 'S, = i'llKKK) 0 

28738 3 (7) 

36 4 

28702 9 (8) 

IS S 

28687 1(1) 

3<1 ‘D, 

3d»D, 

3d*D, 

100226 7 

196235 3 

3 S 
196238 8 

14035 0 (6) 

S 7 

14026 9(1) 

(14022 0) 

i4 9 

14061 8(3) 

3 S 

14058 3(1) 

IS « 

14074 1 (1) 


• ‘ Pub Dorn Ast Obs , vol 2 No 16 “ The O type St ire ” bv T S Plaskctt 

Z 2 
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Lines of N IV 


A 


ClaMifioation, 

7127 21 (1) 

14026 9 

3})*P, - 3<i*D, 

7123 10 (O) 

14036 0 

r, - 1), 

7111 28(1) 

14068 3 

P, - 1), 

7109 48 (3) 

j 14061 8 

P, - D, 

7103 28 (1) 

14074 I 

1 Po - I>i 

*3484 90 (3) 

28687 1 

' 3«*S, - lp»P„ 

•3482 98 (5) 

' 28702 9 

' Si - Pi 

*3478 69 (7) 

28738 3 

j s, - P, 

2646 89 (8) 

37768 9 

1 4/*F. -Sff'O. 

2646 10(7) 

37780 1 

- G« 

2646 67 (7) 

37787 7 

1 b, - G, 

Avuc 

1718 60 (10) 

68186 9 

i 

2 » - 2p •?, T 

t924 31 

1 108188 8 

2p*P, - 2p'>P, 

t923 68 

1 108262 6 

P, - Po 

t923 18 

, 108321 2 

I’l - P| 

t922 67 

! 108392 9 

1’. - P. 

t922 02 

' 108467 6 

Pi P. 


* A by Fowler, ‘ M N R \ S ’ v..l 81, p 18» (1021) 
t A and claseification by Millikcn and Bowen 


Summary 

About 60 lines m the spectrum of trebly-iomsed oxygen (0 IV) have been 
newly classified All the doublet and quartet terms of pnncipal quantum 
number 3 have been identified 

In the spectrum of trebly-iomsed mtrogen (N IV), combinations of the 
ip term with is and id ®D have been observed Provisional classifications 
have been given for four other lines 

The author wishes to express his thanks to Prof Fowler for his helpful 
criticism and advice, and to Mr W E Pretty for access to his oxygen plates. 
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I'he Group Propertie's oj Diiacs Operators 
By G Temple, Ph D , 1861 Exhibition Research Student Trinity College, 
Cambridge. 

(Communicated by A S Eddington FRS — Rec( ivtd March 1, 1930) 

§ 1 Iwlrodudwn 

The wave equation for the spinning electron devised by Dirac* has the form 
{fxdidx + p3/3y + ySjdz + 8dld{zct) + 2mmc/h} — 0 

in free space, the symbol ij; standing for an ordered set of four wave function'^ 
(i]ii, (l/j, operated on by the matrices a, p, y. 8 These matrices sati-^fv 

the equations 

a* = 1, p* =1 ap + pa = 0 

which will be referred to as “ Dirac’s equations ” 

A particular set of matrices satisfying these conditions was constructed by 
Dirac and some of their properties were developed by him Eddington, f 
however, has obtamed all such sets of four-pomt matrices and hais investigated 
their properties by a symmetncal method An obvious generalisation of 
these researches is to remove the restriction that the matrices should be four- 
point matnees, and to study the properties common to all sets of matrices 
satisfying Dirac’s equations A further extension of this work is indicated 
by Eddington’s observation that most of these properties still persist when 
«, p, Y and 8 are taken to be any set of operators satisfying Dirac’s equations, 
and il; 18 a corresponding operand This interpretation seems to mark the 
hmit to which the above process of generahsation can bo extended 
The object of this paper is to develop the fimdamental properties of such 
sets of operators We consider first their " internal properties ” It is shown 
that they generate groups of order 32, all of which are eqmvalent to one another, 
and from which sets of 16 Imearly independent operators may be chosen 
(the other 16 operators differing from the first 16 only in sign) The law ol 
transformation of the operand iji is then deduced from the mvanance of the 
wave-equation This leads to the determination of the “ external properties ” 
of the operators, t e , the determination of all mvanants, 4- vectors and 6- vectors 
which are quadratic in iji 

* ■ Roy Soo Proo A, vol 117, p 014 (1928) 

^ Ibid, A. vol 121, p 624 (1928) 
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§ 2 Definitions, Axioms and Fundamental Theorems 
In the place of the ordered set of four wave-functions used by Dirac and 
the set of matnees operating upon them, we introduce two fundamental types 
of entities — wave-numbers and wave-operators— whose natures are only 
restneted by the folio wmg axioms 

Wave-numbers, denoted by small Greek letters, <j;, <f>, , can be combined 

ill pairs to form “ products ” (ij;, tf)) and (^, tji), which are ordinary comph x 
numbers and functions of x, y, 2 , t In this paper no relation is assumed 
between the products (t|;, <f>) and {tf>, i|/), although further researches may be 
faoihtated by the assumption that they are conjugate complex numbers 
Wave-operators, denoted by capitals. A, B, , can be combmed with one 
another or with wave-numbers The product of the wave-operator A and the 
wave-nmnber is written Aij* and is another wave-number The sum or 
pioduct of two wave-operators is auotlier wave operator, and the ordinary 
axioms of algebra apply except the commutative law of raultipUcation 
To any wave-operator A there corresponds an adjoint operator Af, with the 
property that 

(A<ji, <!>) = (4-, At^) 

for all pairs of wave numbers and <ft Smee 

(AB 41 , <f>) = (B 4 ,, Af^) = ( 4 ;, BfAt^) 

it 18 clear that 

(AB)t = BfAt 

Two types of operators are of especial importance- Hermitian operators 
for which Af = A, and alternatmg or skew operators for which, Af = - A 
The product of two Hermitian operators is Hermitian or skew accordmgly as 
they commute or anti-commute The last axiom required is that if A is 
any operator and 

(A4), 4>) = (4>, Aiji) == 0 , 
for all wave-numbers then A = 0 

The preceding axioms are proved to be consistent by the fact that they are 
true when the followmg interpretations are adopted —A wave-number 4^ 
IS an ordered set of n numbers (ipi, 4'a. '!'») > A. wave operator is a matrix 

with n rows and columns , the products (4», <^), x == A4' and AB are respec- 
tively given by 
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the ad joint of a matnx has its usual meaning, 

using astensks to denote the conjugate complex number 
No particular interpretation of wave-numbers and wave-operators is used 
in the following sections of this paper The axioms given above are made the 
sole basis of the analysis 

§ 3 Perpendicular Seh of Operators and the Groups they generate 
Any ordered set of four Hermitian wave-operators, Aj, Aj, Ag, A^, will be 
called a “perpendicular set” if every pair of operators satisfies Dirac’s equations, 

KA^A,.-!- A,A„) = 1 if 

= 0 if m ^ n 

By multipljmng together any number of wave-operators from a perpendicular 
set and arranging the factors of the product ui any order, there is obtained 
another wave-operator The number of distinct operators which can be formed 
in this way is 32 (including the operators -f 1 and —1) These 32 operators 
form a group which will be called the group (A) generated by the perpondicuLir 
set (A^, Aj(, Ag, A 4 ) The other 28 operators not mcluded in the perpendicular 
set will be denoted by (Aj, A*, Agg) 

An Hermitian invariant of the group (A) will have the form (Si|^, iji) (where S 
IS an Hermitian operator), and will satisfy the equations 

(S-l-, A,4i) = (A,tSA,4<, 4 .), 

for all values of n Now, it is clear that A^f A, = 1, for all values of n, since 
A„t 18 obtamed from A» by reversing the order of its factors derived from tlie 
onginal perpendicular set Hence 

S == \„tSA„ 

and 

A,S = SA,, 

or S commutes with all the operators of the group (A), and must thf refore be 
-f - 1 or — 1 Hence the only Hermitian invariant of (A) is (4', 4^) 
group (A) IS therefore transitive 

Let (Bj, Bj, Bg, B 4 ) form another perpendicular set generating a group (B) 
Let the other operators of (B), (Bg, B# Bgg) be numbered in such a way that 
B„ (n> 4), 18 formed from the set (B^, B 4 ) in the same way that A,, 

(n > 4), was formed from the set (Aj, A 4 ) Then, it is obvious that if the 
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product A,A, ~ A, then the product B,B, == B|, 
and (B) are isomorphic 
Now, let 

P = ^B,tA,. 

Then 

B.tPA.^ v(B.tB,t) (A, A.) 


Hence the groups (A) 
(r = 1, 2, i2) 


Hence 

and 


= lB,tA, - P, 
B.P ^ PA. 

B, = PA,P-» 


This equation shows that any perpendicular set (together with the opt latois 
of the group it generates) may be obtained from ati)^ other perpendu ular set 
(and the operators of the associated group) by a canonical transformation, 
» e , any two groups, such as (A) and (B) are equivalent 

§ 4 A Classijication of the Ojh rators of a Oroiijj qe rated by a 
Perfendxcuiat S<l 

It 18 easily venfied that, apart from the umt operators ± 1 , each of the opeia 
tors of a group generated by a perpendicular set t onimutes with 16 operators 
and anti-commutes with the other 16 It may also be shown that if R and S 
are two commuting operators of the group, distinct from one another and from 
± 1, then the only operators which commute with both R and S are the "eight 
Mowing ±(1, R,S, RS) 

For, if T 18 any other operator which commutes with both R and S, the 16 
operators 

± (1, R, S, RS , T, RT ST, RBT) 

all commute with one another If X is any other operatoi of the group, the 
other 16 operators are 

± (X, RX, SX, RSX , TX, RTX STX, RSTX) 

It IS clear that X must anti-commute with R, S, and T , otherwise, these 
operators would commute with every operator of the group It may now be 
venfied that it is impossible to select from the above operators four operators 
which anti-commute with one another Hence such an operator as T does not 
exist 
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Now suppose that R and S both anti-oommute with Z and Y Then R, S 
must both commute with XY Hence 

XY = ± (1 or R or S or RS), 

and 

\ ^ ± (X or RX or SX or KSX) 

Hence there arc only ei^ht operators which anti commute with both R and S 
To classify the operators, let c (R) denote those commuting with R and let 
a (R) denote those anti-commuting with R, while ( (R S), a (R, S) denote those 
commuting, or anti-commuting with both R and S Then the scheme of 
cl issihcation may be represented diagraramatically as 

e(R) I ..(R) <•(&) ' a(S) 

e(K,&) h <nR S) H .-(R, S) ii |a(Rb)| b 

b and d denote the sets of opiritois (of eight membus each) common to c(R) 
and a (S), a (R) and c (S) respectively 

§ 6 The Linear Independence of the Operators generated by a Perpendicular Set 
The operators of a group generated by a perpendicular set evidently form 
16 paurs the members of which dilfei only in sign By selecting one operatoi 
from each pair we obtain a set of 16 operators which may be called a ‘ funda- 
mental set ” It will now be proved that the operators of a fundamental sot 
are ill hnearly independent 

1 f possible, let there be an effective hnear relation, Hj = 0, connecting some 
or all, of the 16 operators in question Hj must contam at least one operator 
say R, distinct from the umt opi rators i I Hence wc may deduce a further 
effective linear relation, 

Hj = RH, + HjR, 

which can involve only those operators which commute with R Hj must 
mvolve the unit operator and at least one other operator distinct from R, 
aay S Hence we may deduce a third effective linear relation, 

Hg =- SHj + HgS, 

which can mvolve only those operators which commute with both R and S 
H, must contam S Hence by the theorem of § 4, 

Hg = i + + «S 4- pRS, 

where I, m, n, and p are ordinary numbers and n ^ 0 
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Let X be any operator which anti-commutes with both R and RS Then 
0 = = XHj + H3X = 21X + 2nXS, 

whence 

I = ± «S, (X* = ± 1) 

This 18 impossible unless « = 0 — Z, in contradiction with the fact that n ^ 0 
Hence no effective linear relation can connect the operators of a fundamental 
set 

This result is especially important when the wave operators are interpreted, 
in the usual manner, as matrices of four rows and four columns In this 
particular case it follows that any matrix of this t3T)e can be expressed as a 
linear function of the 16 matrices of a fundamental set 

§ b Cotnpleh Ptrpi tufuular Seis 

We have already defined, in § 3, the group (A) generated by the perpendicular 
set of operators (A,, Aj, Aj, Aj) It is clear that all the operators which are 
linear functions of the operators of the group (A) also form a group (of infinite 
order) which will be called the extended group of (A) or (A') 

Eddmgton’s “ couphng theorem ’ now presents itsdf as a corollary to the 
solution of the following problem — What ojierators of the extended group 
(A') anti-commute with (Aj, A^, A3 A^) * It is fouml that the only such 
operators are numerical multiples of the operator 

K -- AjAjAsA^ 

Smce 

Kt = A,AjA^i = AjA^AjA, = E, 

and 

E2 = EfE = 1, 

this operator is Hermitian and umtary The five operators (A^, Aj, A3, A4, 
E) may be called a “ complete perpendicular set ” 

It 18 an obvious corollary that the operators (A^E, AjE AgE, A^E) all anti- 
commute with one another But since 

{AiE)t = EfAit = EAi = - AiE, 

these operators are not Hermitian but alternatmg Hence they do not, stnotly 
speaking, form a perpendicular set, with the defimtion of § 3 

§ 7 The Inmnance of the Wave Equation 
The wave-equation mav be written as 

W({; = Sp, A„tji-1- {imtnclh) =■= 0, 
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where (Aj, Aj, Ag, A^) are a perpendicular set of operators and = 3/0x„ 
(iEi, jj, * 3 , 2 : 4 ) being written for (x, y, 2 , id) Any two sets of quantum operators 
(Vv Pi) and iPi^ Pi), which may be used m this wave equation, are 
connected by a relation of the form 

Pm = ^ Pn, 

which 18 equivalent to a Lorentz transformation connecting the vanables 
(x, y, 2, t) and {x', y\ 2', /') Any two wave numbers and i|'' are connected 
by a relation of the form 

I' = 

L being a wave-operator Thi 1 oeflitients constitute a matnv A which 
must satisfy the condition 

\tA = 1 

The wave equation in the accented vanables and wave-number is 

W'l})' = L p,' A» 4*' + ( 2 iri>nc/h) 4 )' = 0 

In general, this equation wiU be inconsistent with the onginal equation = 0 
But we shall show that to any matrix A, there corresponds as wave-operator L, 
such that each of the wave-equations iinphos the other, i e , the wave-equation 
is mvanant under the transformations specified by A and L 
Now 

\V'({<' = S -|- ('immclh) L4', 

where 

Hence the wave-operator L must be chosen so that 
W' = LAV, 

i e , 

B, L = LA, 

It may be shown, as in Dirac’s paper (foe at ), that the four operators (Bj, 
Bj, Bj, B 4 ) form a perpendicular set Hence we may conclude at once, using 
the theorem and notation of § 3, that 

L = 1 2 B,t A,, (r - 1, 2 , 32) 

I being an ordinary number 

It 18 possible to choose I so that the operator L is umtary, t e , so that LfL — 1 
For, since 


B„L-=LA, 


(u = 1, 3, 3, i) 
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it follows that 

LfB, = A„Lt (the operators A, and being Hermitian), 

whence 

LfL = LfB, B,L = A, LfLA, 

vSmce LfL commutes with (Aj, A^, A3, A^) it must be an ordinary numbei 
Hence I may be chosen to make this number umty This is supposed to be 
done throughout the remamder of this section 
Smce 

(LiJ>, L<J/) = (LfLiJ;, == (4/, 4/), 

it follows that (4», 4*) 1® invariant under the transformation 4^' = L4^, and 
that Lf L = 1 13 the necessary condition for this invariance It has now been 
shown that to any transformation matrix A there corresponds one and only 
one operator L which leaves invariant the equation W4' = 0 and the quautitv 
(4^, 4^) Hence if L corresponds to A and P to If, PL must correspond to HiX 
But the transformations A, H, form a group ( F) Hence the transformation 
L, P, must also form a group (Q), and this group must be isomorphic with 
the group (F) 

The infinitesimal transformations of the group (G) are easily found directly 
or deduced from the fimte transformations found above A typical mtmitesimal 
transformation of the group (F) is 
Xf,' = + ex^ , 

( F*,) Xp — Xp, li p ^ mot n 

Xp — Xp — ex„ 

The corresponding inhmtesimal transformation of the group (Q) is 

4'' = '}' + 

^ 8 Quadratic Invariants 

The results of the preceding sections will now be apphed to determine all 
the mvanants, 4- vectors and 6- vectors of the group (F) with components of 
the form (Tij/, 4^), T bemg an operator of the extended group (A') dehned in 
§ fi It is, of course, sufficient to consider the mfimtesimal transformations 
of the groups (F) and (Q) noted at the end of the last section 
On applymg these transformations to (T4', 4^) we fand that 
(T4/', I') = (T4- + i«TAJI, 4 i, 4 . + 

= (T4i, 41 ) + ie(TAj,A,4;, ^ {Tiji, A*A,4.) + 

= (T41, 4;) + ie ([TA«A, + A,A,.T] 41, 4;) . 
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Now, li 4*) IS mvanant, the term m e must vanish, i e , 

Hence T commutes with the six operators of the form A„A, (m ^ n), and 
must therefore have the form 

T - « + 6E, (B = AiAjAsA,), 

where a, b are ordinary numbers Hence the number of bnearly independent 
invariants is two and they may be taken to be 

(4i, t}*) and (Eiji, iji) 

§ 9 4- Vtclors 

Let the components of a 4-vector be (^j, where 

in ^ 4/) 

T„ being an operator of the gioiip (A') The ^’s transform according to the 
same law as the u:’s, and the apphoation of the inhmtesimal transformations 
(l^nw) (Gr,,„,) leads to the equations, 

T„A,„A„ f A,A,„T„ 2 (»t n) 

TpA,™A, f A,A„Tp (I, if p ijfc w or » 

These equations have the general solution 

T, = aA, -f 6A,.E 

Hence there are only two linearly mdeponilent 4 vectors, whu h may be taken 
to have the components 

(A,4/, 4;) and (A,4i, Eij/), (a = 1, 2, 3, 4) 

§10 G-Vector^ 

Let the components of a 6-vector be (rjjg, /jgj rjjj , 7)14, where 

TQ™, = (T'm»+. +), 

T, being an operator of the group (A') The transformation of the 6-\ ector, 
corresponding to the infimtesimal transformation ( rn,n)> 1® expressed by the 
equations 

r{„,n = >)«». 

— ''Iw’ if neither p nor q equals m or w, 

= -nmP +■ ] 

[- if p »e or H 
= ■11m. — ^n>v> i 
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These relations lead to the following equations for the operators T^, viz — 
T™.A«A, + A,A«T^ = 0, 

T,,A„A, + A,A„T„ = 0, 
and 

T„,A„A, + A^A„T„,-^2T„, 

These equations have the general solution 

= aA„A, + 6A„A,H: 

Hence there are only two linearly independent (i-vectors which may be taken 
to have the components 

(A„A«-ji, <1^) (A„<|/, A«i|;) 

(K\«A;<1i, 4-) = (A,-4i, A44i), 

corn spending to {a:„, <,) 

§ 11 Conclusion 

In conclusion, I must express my gratitude to Prof Eddington for the 
encouragement and advice which he has given mo in the lourse of this 
investigation 



349 


The Operational Wave Equation and the Enenjy Levels of the 
Hydrogen Atom 

By 6 TbMPLE, Ph D , 1851 Exhibition Research Student, Trinity College, 
Cambridge 

(Communicated by A S Eddington, F R S — ^Received March 19, 1910 ) 

§ 1 Introduction 

The operational wave equation used in this paper is a generalisation of the 
hnear wave equation introduced by Dirac The generahsation consists m 
replacing Dirac’s matrices by any four linear operators (A^, A^, Ag, A^), which 
satisfy Dirac’s conditions, 

i (A,„A, + A,A„.) = 0 if m pi n (1 1) 

1 if in = n 

The operational wave equation for free space is therefore 

E S p,A„iJi + iWgCiJi — 0, (1 2) 

p, being the quantum operator — ih 3/3 r„ 

Ihe fundamental properties of a set of wave operators (A,), satisfying the 
conditions of perju ndiculanty and uormahty (1 1), have been discussed m a 
previous paperf by the author The object of this paper is to obtam the 
energy-levels of hydrogen-hke atoms by the use of the operational wave 
equation for a purely electrostatic field, the four wave operators being restricted 
only by the conditions (11) 

Using real co-ordinates Xj, Xg, x,, < = — ixjc, the wave equation for a held 
of potential V may be written as 

WiJ; = (piAj + paAj + pjAg + c-i (po -f eV) lA* + 'J' = 

Pv Pi P 3 being the momentum operators and po the energy operator In 
mampulatmg this equation it is convement to treat A^, Aj, Ag as the Cartesian 
components of a vector A, and to divide the operator W into two parts, 

W = W,d W„ 

where 

W. = p A, 

W, = (po -f e\) 1A4 + i»*oC 

* =! h/{2n), where h is Planck’s constant 

t ‘ Roy Soo Proo A, voL 127, p 339 (1930) 


and 


( 13 ) 

( 14 ) 
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§ 2 General Principles 

The possibility of obtaining a " solution ” of the operational wave equation 
depends upon the existence of operators X such that Xt]; — atj/ for any (J< 
satisfying the wave equation a being a numerical constant characterising (j; 
Operators such as X may he said to be “ reducible ” for to the eigen value a 
A set of operators which are all reducible for tji must evidently bo commutable 
The eigen values of (|( for such a set of operators provide a numerical repre- 
sentation of 4/ and the primary question is to examine how far 4 i8 determined 
by these eigen values 

From this point of view the wave equation VV4 = 0 sigmfaes that W la 
reducible, and has eigtn value 0 , and all other reducible operators for 4 
must commute with W 

Smce the wave equation is linear m the p s \vt are piunarilj interested m 
reducible operators which also have this property For a free electron the 
p’s themselves (being commutable with W and with each othtr) form a set of 
reducible operators which are restricted only by the equation 

pi _ -f = 0 (2 1) 

The eigen values of the p’s are linuted only by a similar relation, and the com- 
plete solution of the problem is contained m the statements 
The presence of an electromagnetic potential m W which does not (omraute 
with the p’s renders the discovery of a set of reducible operators more difficult. 
It 18 clear that there cannot be more than four independi nt reducible operators 
(Cl C^, Cj, C4) Imear m the p’s Any other operator R, linear in the p’s, will 
be a hnear function of the C’s, say 

R = Ro + 1 R,C„, = L R,C„, (2 2) 

if Cq = 1, the coefficients (Rq R 4) being fmictions of the variables x and the 
operators A , and, if R is reducible, these coefficients will be constants 
To prove this, we note that R must commute with the operator W of the 
wave equation Now 

W = Aj (pt + Ujk) -f- iwioc, 

Gj being proportional to the 4-vector potential of the held Hence 
WR - RW = X (WR„ - R„W) C;, 

and 

WR. - R,W = X (A*R, - R,A*) (¥k + G*) + i A* (p*R„ - R, p*) 
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The last term is independent of the p’s and the first term is a linear function of 
the C’s, unless R, commutes with A„ A*, A, and A 4 Hence WR — RW is 
expressed as a quadratic function of the C’s For the quadratic terms to 
vanish R„ must depend only on the vanables x, and for the linear terms to 
vanish R, must reduce to a constant, r„, say. 

Hence 

H'J' = (»‘o + Vn) I. 

where a^, Oj, a^, o* are the eigen values for the operators C^, Cg, Cj, C* It 
follows that if two distinct say 5 and yj, have the same eigen values (a^, a,, 
»a> *4) operators (C^, Cg, Cg, C 4 ), they will have the same eigen value 

for any other reducible operator R linear in the p’s The same conclusion 
persists if R IS a polynomial m the p’s For, in this case, R will be a poly- 
nomial in the C’s also, say R = / (C^, Cg, Cg, C 4 ), and both 5 and r] will still 
have the same eigen value for R, namely / (a^, ag, O 3 , O 4 ) It follows that unless 
tj / 18 determined by the reducible operators i\, Cg, Cg, C 4 , no other reducible 
operator will give any further help in its determination 

The first stage in the solution of the problem of this paper is the discovery 
of four reducible operators hnear in the p’s (§ 3) This virtually solves the 
problem Following the methods of Dirac* and Pidduckf we determme the 
relation connecting these operators by transforming the wave equation to 
polar co-ordmates (§ 4), and replacing it by a second order equation for an 
ordinary numerical (i e , not opeiationai) function of the variables (§§ 5 and 6) 
Fmally, we identify the inner quantum numbers 7) 

§ 3 The Redticible Operators 

In constructing a set of reducible operators we are guided by the results of 
earlier quantum theories in which such a set was provided by the j-g-component 
of the angular momentum operator, the square of the total angular momentum 
operator, the total energy operator and the Harailtoman operator 
We introduce the spin opeiators. 

Si = - lAgAg, Sg = — lAgAi, Sg = - lAiAg, (3 1) 

with the properties 

Si> = Sg* = Sg* = 1, (3 2) 

SgSg = AgAg = iSi = - SgSg, etc , (3 3) 

and 

S,= S,t, (n=l, 2, 3) 

* ‘ Roy Soo Proc ,’ A, vol 117, p 610 
t ‘ J Load Math Soo ,’ vol 4, p 168 (1929) 

2 A 


VOL. oxxvn — A 
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Theae spin operators may be treated as the Cartesian components of a spm- 
vector S 

Although neither the spin momentum operator, ^l)S, nor the orbital 
momentum operator, m = x ^ p, commutes with W, the total momentum 
operator, M = m + JftS, has the required property Since 

M ^ M = t^M, (3 4) 

the components of M do not commute with one another, but they all commute 
with 

L = M M = Ml* + M/ + Ms*, (3 5) 

and this operator commutes with W Hence Mg, L and W form a commuting 
set of operators, Mj and W being linear functions of (pi, p^, ps), and L being 
quadratic A distinctive feature of the linear wave equation is the exisb nee 
of a further operator which commutes with M3 and \V, and, like them, is a 
hnear function of (pj, p^, Ps) 

To obtain this operator we expand L in terras of m 
Since 

L = m* + ljm S -i-|l)2, 

and 

(m S)* — m* — 1) m S, (from equations (3 2) and (3 3) ), 
it follows that 

L t-iA* = {(m S) + l)}* 

We write N = m S for bre vity 

The operator (N -f- t) commutes with W, and anti-commutes with W, 
Hence the operator A^ (N + J)) commutes with W It also commutes with the 
components of M, and satisfies the equation 

{A,(N + !))}*= L + ih'* (3 6) 

It 18 clear that we may take W to be one of the reducible operators and that 
a further reducible operator is the energy operator pg, whose eigen value is the 
energy, e, of the system 

Hence we have found a set of four reducible operators, all linear in the p’s, 
namely, 

M3 = m3 + itlSg, Q = A4{(m S)4-t)}, PoandW 

The eigen values of for these operators are taken to be 

pfl. e and 0 (3 7) 
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It 18 shown m §§ 4 and 6 that these eigen values are connected by the well- 
known relation (6 9), 

±-(i I “‘g r‘ 

where co == /WoC®, n' is an integer or itero and « is the fine structure constant 
§ 4 The Tramfonmtion of the Wave Equatton to Polar Co-ordinates 
The object of this transformation is to obtain an equation for ij; which shall 
mvolve only its derivative with resjiect to the radial co-ordinate r The trans- 
formation consists essentially m replacing the Cartesian components of A by 
its components in spherical polar co-ordinates The wave equation thus 
obtained, say, W,'^ = 0, is then furthei simplified by applying a canomcal 
transformation to W„ 


a == TW,T-», 

(4 1) 

and introducing a new wave-function, 


^ = T+, 

(4 2) 

BO that 


L 14 = 0 

(4 3) 


Let Ri, Rg, Rj be the com|)onents of A iii spherical polar co-ordinates (r, 0, 
If the equations of transformation are 

R„ = 1A„„A„, 


the coefficients A„„ must satisfy the cxmilitions that 
L A*,A„p = 0 if a p, 

1 if M = p 

Hence 

I (R„Rp -f RpR™) = 0 if tn ?£ p, 

1 if in = p 

It 18 clear that 

R„A4 4 - A4R„ = 0, (m 1, 2, 3), 

BO that the operators (Rj, Rg, Rg, Ag) form a perpendicular set 
In order to replace (Aj, Ag, Ag) by (Rj, Rg, Rg) we note that 

rRj = -tiAj -f- XgAg -j- vUgAg 

Hence, smee 

W, p A, (1 3), 
rRjW, = (x p) 4- i (m . S) 

Therefore 

R,W, = - tit d /dr + ir-i (A«Q - t>) 


2 A 2 
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Hence the wave equation is equivalent to 

- I + ; A4Q^^ + RiW.tli = 0, 

or 

- it) {|: + 'I' + = 0, (4 4) 

since 

(3 7) 

The wave equation, W,t|i — 0, (4 4), may be further simpUficd by the use of 
a theorem proved in a previous paper,* namely, that since the two setsf of 
operators (Rj, Rj, Rj, A4) and (E, Aj, Aj, A^) are each perpendicular, there 
exists an operator T such that 

Ri = T-iET, R2 = T-»AjT, R 3 = T->A8T, A* ^ T-1A4T, (4 6) 

and 

TfT = 1 (4 6) 

Hence, applying to W this canomcal transformation, we have (4 1) 

fi = TW,T-i = - if) ||. + ^ (6 + eV) EA 4 + iwiflcE, 

so that the simphfied wave equation is, (4 3), 

n<f> = - if) ^ + 1 (e + eV) VA^4, + ir«ocE^ = 0 (4 7) 

§ 6 The Formal Solution 0 / the Wave Equation, = 0 
Although the wave equation (4 7) involves the wave operators E and A4, 
it may still be solved by the usual methods of analyis We rewrite the equation 
as 

a^/3r + + r-i (G + i).^ = 0. "1 

where 

F = - EA4c/f)c - K»ioc/f), V (6 1) 

and 

G = - 11A4 - BA4 Zc>/I)c, J 

emce 

V = Ze*/r, 

Z being the effeofave nuclear number 
‘Boy Soo Proo,’ A, voL 127, p 339 

•f In the second set of operators E may be replaced by any operator perpendicular to 
A,, A,, A4, e.g , by Ai (E = A, A, A, A* ) 



3«5 


Operouional Waw Equatton 

It IS convenient to note here vanous properties of the operators F and G 
In the first place, we find that 


where 

and 


F*=X* and = 
X = (so* — e*)*/i)c, 


(5 2) 


a being the fane structure constant, 27tc*/Ac In quantised orbits e < Sq (the 
rest energy), and (i* is never less than 1 (see | 7) Hence the expressions under 
the root sign are positive, and we shall agree to take the positive value of the 
square root 
Secondly, 

FG + GF = -28, "j 

where >■ (5 3) 

8 = eZa/f)c J 


Thirdly, it is clear from equation (5 2) that the eigen values of F and G are ± X 
and ± 9 respectively Also, it follows from equation (5 3) that, if x is an eigen 
function of F with eigen value ± X, then (Q ± S/X)y is also an eigen function 
of F with eigen value ± X 

Returning to the differential equation (6 1), we first determine the leading 
term m the asymptotic expansion of ^ This term is the solution of the 
equation 

+ F^ = 0, 

whence 

0*^/3r* = F®^ = X*^ (from (5 2) ) 

Therefore 


^ ~ ^oea:p(± Xr), 


being independent of r Accordingly we take 
X = 2Xr 'I 

as a new vanable, and > (5 4) 

5 = ^ exp Xr J 


as a new function The equation for ^ is 


5' + i(X-«F-l)5 + x-MG+l) = 0, 
using accents to denote differentiation with respect to x 
We now assume that this equation possesses a formal solution of the type 


5 = ^£^5, x*. 


(6 6 ) 
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n being an mteger or zero, and i, an operator independent of x The indioial 
equation is 

(1+G)5o + p5o = 0, 
and the recurrence relation is 

(G + p + n + 2)^+i==-J(X-iF = l)^. («=0, 1,2, ) 

Hence (p + 1) = ± ^f, and, to obtain a solution which is hnite when a; = 0, 
we choose the upper sign, t e , 

p^g—l (56) 

The recurrence relation now becomes 


(G + 3 + n + l)^„+j = -i(X-*F-l)^, (n = 0,1,2, ) (5 7) 

Now tji — exp(— ^ai) and, anticipating the results of the next section, 
we may say that the scries for ^ must terminate if ^ is to remain finite as 
X-* 00 If the last coefficient is , it follows that 

F^ = X5. 

But 

_ j(X-iF-l)C,-i = (G + i, + «')^ 

= (G + 8/X)5„ 4 (g + n'-S/\)l, 

On multiplying both sides by (X — ^F 4- 1) we find from (5 2) that 

S/X - 9 = (6 8) 

whence we obtam Somraerfeld’s result that 


§ 6 Inlrodwslvon of Lagucm Polynomials 
In this section we shall show that the first order wave equation for the wave 
function ^(51) may lie replaced by a second order equation for an ordinary 
function /, the wave operators having been ebmmated 
Smce by equation (5 7), 

(G + <7 4-«)^ = -J(X-'F-1)5„_„ (n = l,2 ) (61) 

it follows that 

(F+ X)(G4-!7 + n)^ = 0. 

» e (G 4- 5 + ») ^ 18 an eigen function of F with eigen value — X for all values 
of n > 0 The simplest way of satisfying this condition is to take any eigen 
function of F with eigen value — X, say i], and to write 
(G 4- + n) ^ = c,i], 

0 ^ being an ordmary number 
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It now follows that 


{G — jr — n) (G + 5 + n) = c„(G — 5 r _ n) •»), 
or 


(TC*-l-2wir)5„ = C,((7-l-M — 

Hence 

= a,(p4-n — G)yi, 

G)r) 

(6 2) 

where a, is an ordinary number, and 



«So^ar = (9 — G)yi ^E^o„x*+73 

all-- 

(6 3) 


Thia 18 the genesis of Pidduck’s transformation (loc cU ) We write 


/(x)= S a.^«, 


and 


l = (9-G)Y) + 3^/'(r)Y) 

The equation for f{x) is easily found to be 

W" + 1) — a-}/' — Sr}/= 0 


If we wr 
and 
so that 


v — g I 


*/” + (? + 1 — -r)/' + ?>y = 0, 


(6 4) 


(6 5) 

(6 6 ) 


it will be recognised that (^ (= exp (— Jx) 5) wiH remain fimte at infimty 
only if p 18 zero or a positive integer This is the condition (5 8) anticipated in 
the previous section 

If p IS zero or a positive integer, /(x) will be a multiple of Laguene’s poly- 
nomial Lp® (x) The expressions for ^ and ^ may be simplified by the use of the 
reduction formula, 

* ~ “ (P + ?) (*) 

We find that 

,^ = e"‘*x'~UV(*) (P +? — GIV»J — (P + g)I4-iW r)}, (6 8) 

where 

— (g* — (x*Z*)*, q — 2,g, pisO, 1, 2 , 

and Y) IS any solution of the equation 

(F+X)y]=0. 


F being the operator — (EA^e -f Eto)/hc, and X being (cq* — s*)*/(>c 
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This result and that obtained m the last section (5 9) contain the solution of 
the problem of determining the wave functions and energy levels of hydrogen- 
like atoms It only remains to identify the quantum number [x 


§ 7 The Nature of the Quantum Number (i 
In this section it is shown that the quantum number (x is a non- vanishing 
integer and that it is simply related to the serial quantum number I of non- 
relativistic quantum theory 

The operators mg, ^jlSg and Mg all commute with one another Let mt)> 
si) and ui) be a simultaneous set of eigen values Then it is clear that 

M = m -f s, (7 1) 

and 

* = ± J (7 2) 

h 3 

But mg = — g-- , whence it follows that the eigen functions of mg will contain 
2711 09 

the factor exp (mj>) and will be single- valued functions of the co-ordinate ^ 
only if m IS an integer or zero Hence the eigen values of Mg, t c , the 
quantum numbers m, are all half o<ld integers 
Now let 4* be a simultaneous eigen function of Mg, Q and W with eigen 
values ui), |xl), and 0 Smoe 

Mg (Ml -f iMg) - (Ml -f iMg) Mg = i) (Ml + iM*), 

it follows that, unless (Mi -f- iM,) equals zero, it is also an eigen function of 
Mg with eigen value (w + 1) Also, since 

(Ml - iMg) (Ml + iMg) = M M - Mg* - i)Mg 

= Q*-Ji)*-M 3 *-i)M 8 , 


it follows that if X le the eigen function of Mg which gives the eigen value, u, 
its greatest value, Ujan • fhen 


and 

Hence 

and, similarly. 


(Mi-f iM,)x = 0, 
Q*X = (Ms + Wx 

tWx = 1 fi 1 — J, 
ttmln = — I |X| + i 


(7 3) 


The quantum numbers of Mg evidently form an arithmetical progression of 
half odd integers, symmetncally distributed about zero Hence the number 
of u’s, t c , 2 I |x|, 18 an even integer Hence {x is a non-vanishmg mteger 
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To obtain the relation between (i. and I, we form a second order equation for 
the wave function <ft Since 

-f F + <^ = 0, (equation (6 1) ), 

it follows that 

In virtue of the relations established m equations (5 2) and (6 3), this reducetr 


/3* , 2 0 g^- 


+ {G-g)4> = 0 


This reduces again to the non-relativistic wave equation, if we put 

e = H + eo. (7 4> 

and make c-* oo 
Then, 

^*-^(87A»/A*)H, and 2S-*-(87t*m/A») Ze“ 

Hence the equation becomes 

{^+f + + 

A comparison of this with Schrodinger’s equation shows that 
Hence, smee I is never negative, 

i = W-., 

I = lul, if |i<0 J 
Now if nis the total quantum number, t e , 


the possible values of I are 0, 1, 2, (n — 1) Hence the possible values of p, 
are -(n-1), — (n — 2), —2, —1,1, 2, (n-1), n 

Even when c is taken as fimte the same conclusion persists, since p — neces- 
sarily a contmuous function of o — cannot vary per saltem Hence it must 
retain the same integral values 
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§ 8 Condimon 

The iisual approximation to e, obtained from the exact equation (5 9) by 
retaining powers of a up to the fourth only, la 

c-eo RZ«,Ra>Z*/n 3\ 

= 1r“5)' 

where Ryberg’a constant R = eoa*/2A = 27r%oe*/A® From this equation and 
the relation between ] p | and I, the fine structure of the spectrum of hydrogen- 
hke atoms is easily deduced 

It must be emphasised in conclusion that the wave operators A^, Aj, Aj, 
A^ occurring in the wave equation have remained unidentified throughout the 
whole of the investigation together with the wave function 

The author hopes to discuss, in a subsequent paper, the anomalous Zeeman 
effect, the selection rules and the intensities of spectral hues 

In conclusion, I must express my gratitude to Prof Eddington for his interest 
in this work and for many valuable suggestions 


The Raman Spectra of some Organic Halogen Compounds 
By 8 Bhagavantam and S Venkateswaban 
(Communicated by Sir Venkata Raman, F R S — Received February 3, 1930 ) 

1 Irdroduchon 

The Raman spectra of organic compounds have recently been the subject 
of investigation in many laboratories As yet, however, only a few orgamc 
halogen compounds have received attention * It was considered that a 
detailed investigation of several compounds of this class would throw hght 
on fundamental questions concerning the Raman effect Some 17 halogen 
denvatives of the ahphatic and aromatic hydrocarbons were accordingly 
investigated by the authors and the results are described in this paper The 
experimental arrangements are those recommended by R W Wood f The 
accompanymg tables show the analysis of the Raman lines Under the column 

* Prmgiheim and Rosen, ' Z Phyuk.’ voL 00, p 741 (1928) , see abo Bonmo and 
BrOU, * Gazs Chun. ItaL,’ voL 69, p 643 (1029) 
t ‘ Phil Mag vol 6, p 729 (1928) 
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Av are given the differences between the wave-numbers of Raman hnes and 
the exciting bnea of the mercury spectrum X A U 3660 1, 3654 8, 3663 3, 
4046 6, 4077 8, 4339 2, 4347 6, 4368 3, 6460 7, 6769 5, and 5790 6 repre- 
sented by the letters o, b, c, d, e,f, g, h, k, I and m respectively Those Raman 
Imes which happen to coincide with the incident lines of the mercury spectrum 
are not included in the tables 

2 Discusston of Results 

Before discussmg the question whether any, and if so which, of the Raman hnes 
may be regarded as characteristic of the halogen atoms in these compounds, 
we may consider those to which a different origin may be definitely assigned 
Among these, the group of lines which appears at about Av 2960 wave numbers 
18 the most prominent, and has been assigned by various investigators to the 
aUphatic C-H vibration As in most of the other aliphatic compounds in the 
halides also, the hnes of this group are more or less equally spaced (the constant 
spacing being <ibout 40 cm and show a distinct tendency to broadening in 
the higher members But there is one sigmficant fact which deserves emphasis, 
VIZ , that in the simple derivatives like CHClj and C'HBrj which contain only 
a single hydrogen atom, the multiple structure seems to disappear completely, 
only one line corresponding to a shift of 3020 cm appearing in this region 
This frequency is also much higher than the mean value 2960 generally attri 
buted to the vibration of aliphatic C-H In CH,Clj the hne is double (2930 
and 2988), while in methane itself in the gaseous state it shows three distinct 
components corresponding to Av 2916, 3022, and 3072 respectively * The 
origin of the fine structure of this ahphatic C-H band has not been clearly 
understood, but the above observations seem to suggest that the structure 
depends to some extent on the number of the CH bands present in the molecule 
and on the complexity of the latter 

The Raman Ime correspondmg to a shift of 1440 wave-numbers also appears 
to be connected with the vibration of the hydrogen atom in the ahphatics, 
smee it 18 mvariably present m all the ahphatic compounds where the 3 (x 
band appears Whether the fact that the former frequency is roughly half 
of the latter, is in any way sigmficant cannot be answered until the dynamics 
of the different modes of vibrations of the molecule have been actually worked 
out 

We now come to the frequencies characteristic of the halogen atoms Tables 
I, II, III and IV give the analysis of the Raman spectra of CHgCl,, CHCIj, 
* Dickinson, Dillon and Rasettl, ‘ Phys Rev ’ vol 34, p 582 (1929) 
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CHBrg and CXDl* which are the simplest of the compounds studied by us A 
prominent feature of their spectra is the occurrence of several Raman hnea 
very close to the exciting hne which is evidently due to the large mass of the 
halogen atoms From the fact that these low frequencies are very much 
smaUer than m the case of the infra-red frequencies of most of the ordinary- 
types of vibrations, there has recently been a tendency to conclude that they 
must be of the nature of differential frequencies, i e , can be explained as 
differences between two others which he m the near infra-red Thus Langer* 
explains the presence of Raman hues corresponding to Av 215, 314 and 469 
in CCI 4 as due to differences between certain observed infra-red absorption 


Table I — Methylene Chloride,* CHjClj 


^ 1 


Av I 

i 

1 * 


1 . 


1 I 1 


j Av 

0 

24086 

d-l- 280 


8 

24001 

d- 704 


15 

22200 

5-738 

2 

24417 

<f- 288 


Od 

23964 

d- 741 


Od 

21771 

d- 2934 


24397 

0 - 2992 


Od 1 

23277 

<1-1428 


10 

21716 

d - 2989 

1 

24361 

5 - 2993 


1 

23221 

5+283 


Id 

21515 

5 - 1423 

1 

24305 

e - 2985 


8 

22650 

5-288 


0 

20008 

/ - 2971 

0 

24233 

« - 283 


0 

22266 

5- 672 


0 

20013 

h - 2925 

0 

24028 

d- 677 


10 

22234 

5-704 


2s 

10951 

5 - 2987 


Av 288(6), 675(0) 704 (10), 739(15), 1425(15), 2930(0). 2988(8) 


* The Raman speotrum of this liquid haa been studied by Pnnggheim and Rosen who report 
only the three strong frequencies (Uk ctt) 


[Not* — To the tables that follow the abbreviations used are given below — s - sharp,. 
4 diffuse, 5 = broad, v, ■« wave number of the Raman line, I »» intensity ] 


Table II —Chloroform,* CHCl, 



* This liquid haa been studied by several investigators and the results are in good agreement. 


* ‘ Nature,’ vol 123, p 346 (1929) 
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Table III — Bromoforra,'* CHBrj 


I 


dy 

1 


dy 

I 


i 

0 

27613 

a t- 224 

0 

26732 

a - 667 

2 

23169 

h+ 221 

0 

27609 

c -b 163 


24930 

d+ 226 

2 

23094 

A-f 156 

0 

27239 

a - 160 

1 

24869 

164 

3 

22784 

A - 

154 

0 

27108 

6 - 160 

2 

24663 

d - 162 

3 

22714 

A - 

■ 224 


27132 

fc- 168-1 

2 

24486 

d- 219 

2 

22398 

A- 540 


\b - 222/ 

0 

24370 

a - 3019 

2d 

22280 

A - 068 

0 

27066 

c - 226 

2 

24168 

d ~ 637 

0 

21790 

A - 1142 

0 

26847 1 

a- 642 

Id 

24048 

d- 667 

0 

21684 

d-a 02 l 







0 

21601 

A - 1437 


Jv 1S4 (2), 223(2), 540(2). 667(1(1), 1142(0) 1437 (0) 3020(0) 

• The Raman speotnim of this hquid haa been stadied by Qanesan and Venkateawaran, ‘ Ind 
J Phya , vol 4, p 106 (1929) 


Table IV — Carboa Tetrachloride,* CCI4 


I ! 

•-i 

j 


I 

1 n 

1 dy 


I j 

1 

dy 

0 

27139 

5 - 

216 


4 

24492 

d - 

211 


0 

22778 

0-217 

2 

27076 


313 


4 

24391 

d - 

314 


5 

22718 

A - 220 


27042 

6 - 

312 


0 

24299 


217 


0 

22679 

g- 316 

3 

26029 


460 


6 

24247 

d - 

468 


7 

22623 

A - 316 

0 

26896 

b - 

458 


0 

24207 


309 


0 i 

22636 

0-480 

0 

26810 


460 


0 

24066 


460 


8 

22480 

A- 458 

1 

26626 


764 


2d 

23943 

d - 

762 


2 

22177 

A - 761 

1 

20697 


792 


2d 

23914 

d - 

791 


2 1 

22149 

A - 789 

0 

25102 

d + 

467 


1 

23393 

h + 

466 


0 

21403 

A - 1535 

1 

23017 

d + 

312 


2 

23248 

k + 

310 





2 

24920 

d + 

216 


3 

23164 

A + 

216 






dv 216(4) 313(6), 469(6), 791 (2), 762 (2il) , 1535(0) 

* This hquid has been investigated by several others and the results are in good agreement 


values, and is of opinion that such long wave-lengths cannot be due to fumia- 
mcntal oscillations His arguments, however, are not convincmg, especially 
m view of the fact that Marvm* has quite as successfully explained the occur- 
rence of short wave lengths in mfra-red absorption as due to summational 
combinations of the long waves as revealed by the Raman spectra, taking the 
latter as truly representative of fundamental oscillations m the molecule 
The case of carbon tetrachlonde is a system of the AX* type which has nine 
degrees of freedom if we neglect rotation and translation of the molecule as 
a whole It is shown by Dennison, f in the particular case of methane, that 
such a system, if it is perfectly tetrahedral in nature, is degenerate andfgives 

* ‘ Phys Rev vol 33, p 962 (1929) 
t • Astrophy* J vol 62, p 84 (1926) 
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four fundamental vibrations, any slight departure resultmg in new and slightly 
different fundamentals coming m From the work on light scattering it is, 
however, defimtely known that these compounds do show a small anisotropy 
which implies an asymmetry In view of this the number of frequencies 
actually observed m the Raman spectrum of carbon-tetrachlonde, namely, six, 
18 not too large, and there is no a prion reason for assuming that they have a 
comhmational origin In fact, a rough calculation on the basis of the well- 
known discussions of Dennison on the vibrations of the CH^ molecules shows 
that such small frequencies can directly be attributed to some of the modes of 
vibration of the molecule 

Considering the simple case of a diatomic molecule, Van Vleck* has given 
good reasons for believing that the most intense scattered hues correspond to 
Au = 0 repri senting simple Rayleigh scAttenng while those corresponding 
to Ay = J. 1 represent the strongest Raman lines and come next m intensity, 
where v stands for the vibrational quantum number Less intense still are 
the Raman lines Aw = ± 2, which are ordinarily too weak to deti ct experi- 
mentally Similarly, m the case of polyatomic molecules, the occurrence of 
Raman hncs whose displacements are either harmonics of a fundamental 
vibration frequency or combinations of two different fundamentals is to be 
admitted, if at all, only as an exception In fact, it is suggested by Van Vleck 
that m the case of earbondioxide the two prominent frequency shifts Av 1284 
and 1392, which do not correspond to any observed infra-red absorption lines, 
are really the fundamentals 

The availabli data regarding the Raman spectra of a large number of com- 
pounds 1 C veal definitely that the presence of combinational frequencies or 
overtones seems to be very rare if they occur at all, which is in agreement with 
the above views Tlus is supported by the fact that some of the small fre 
quencies of CVl^ persist more or less unchanged in the other chlorides also as 
may be seen from the tables As already mentioned m an earher part of this 
section, the presence of such low frequencies, which are more numerous in 
the case of the halogen compounds (especially in the earher members) than m 
other compounds of comparable comph xity, affords further support for our 
view f 

• ‘ Proc Nat Actul 8ci ,’ vol 15, p 754 (1929) 

t In the more complex caSes, we clearly realise that even if the maasee of any of the 
individual component atoms is not large, we might still get very low vibrational frequencies 
due to oscillations of group*, rather than individual atoms, e g , pentane shows a Raman 
frequency as small as 143 cm (see Qanesan and Venkateewaran, ‘ Ind J Phys vol 4, 
p 196(1929)) 
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We would also like m this connection to draw attention to some of the 
inorgamc chlondes and bromides studied by Dauref where all the Baman 
frequencies occur only m the region we are discussing The continual shifting 
of the Raman bnes towards the exciting line, as wo go from the lighter to the 
heavier atoms, as is evidenced, for example, by the transition from the tri- 
chlorides to the tnbromides, or from the trichlorides of the various elements of 
widely varymg masses, may also be emphasised as supporting the view sug- 
gested Thus it seems fairly clear that in general a combinational or overtone 
frequency, if it comes at all, does so with far too feeble an intensity to be 
detected experimentally 

Tables V to XVIT give the analysis of the Raman lines in the more complex 
halogen compounds studied The general features such as the occurrence of 


Table V — Ethykno Chloride,* r2H4Cl;5 



• Bonmo and Brail have inveatigated this hquid {loc cil ) 


Table VI — -Hexachlorethane Dissolved in Carbon Tetrachlonde,* CjCU 


Od 24360 d - 346 1 

2 24271 d- 434 0 

0 24082 e - 434 0 



23845 d - 860 0 22562 g - 433 

23376 ft -t- 437 2 22505 ft- 433 

22693 ft- 345 Id 22079 ft - 869 


4vi 345(0) 434(2), 860(1) 


* The Raman linea due to CC1| are omitted The ohoice of the eolvent i« not quite satii 
factory m that there ia a poanbiUty of some of the Kaman lines oharactenstio of the two com 
pounds coinciding 


t Thesis presented to the Umveraty of Paris (1029) 





566 


S Bhagavantam and S. Venkateswaran 

Table VII —Propyl Chloride, CjHt Cl 



Av 108 (1), 173(1), 250 (0), 30«{0), 374(1), 600(0), 606(2), 735 {2<i) , 798 (1), 
1031 (0), 1460(1), 2816(0) 2879(2), 2060(35) 


Table VIII -Isopropyl Chloride,* (CHa)* CHCl 


24471 
24432 
24389 
24360 
24303 
24277 
24178 
24088 
2)884 
23816 
23762 
2 )69‘J 
23640 
23640 
23437 


{3 


-2918 
2067 
2956 
3029 \ 
346/ 
402 
428 


- 1008 

- 1065 

- 1166 


fd - 1268 \ 
\(! - 1079/ 


23361 

23263 

22832 

22771 

22696 

22640 

22611 

22475 

22321 

22060 

21972 

21016 

21873 


fd - 1462\i 
\e - 1263/ 


/A - 1065\ 
\(1 -2832/ 


21776 

21748 

21717 

21076 

21639 

21601 

21667 

21616 

21486 

20113 

20070 

20026 


/A - 1162\ 
\()-2920/ 


- 2877 
-2916 

- 2940 
-3000 

- 1462 


Av 106 (Od), 167 (Od), 344(1), 396(0), 428(1), 463(0). 617(4), 889(2), 964(0). 
1014(06), 1066(1), 1163(2), 1266(0), 1462(0), 2828 (2), 2809(2), 2916(3), 2932(2), 
2967(2). 2092 (2), 3024(0) 


• The Raman line (’orresponding to a frequency shift 760 cm -• la very weak in the soattered 
spectrum uf tliia hquid and henoo could not be measured accurately 
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Table IX— Isobutyl Chlonde, (CHg)* CH CHgCl 



Table X —Allyl Chlonde* Cflj CH CllaCl 



Jv 310(2), 413(4), 517(0), 590(4), 741 (06), 040(3), 1117(0), 1204(3), 1204(3) 
1304 (8), 1384 (2), 1417 (3), 1647 (6), 1697 (0), 2882 (1), 2966 (3), 3027 (1) 


* Petrikaln and Hoohbara have studied the Roman spectrum of this hqmd Some of Die 
frequencies have, however, been overlooked by these authors, ‘ Z Phys Ohem vol 4 p 299 
(1929) 
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Table XI — Etiiylene Bromide, C^4Br„ 



2»7l(l), 3008(0), 3028(0) 


Table XII Ethyl Bromide, OjHr.Br 



Table XIII —Propyl Bromide, C'jHTBr 
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Table XIV —Isobutyl Bromide, (CH3), CH CHaBr 



/Iv SOS (4), 472 (1), 619 (3), 698 (0), 625 (3), 664 (4), 812 (2), 840 (0), 968 (1), 
Ills (0) , 1147 (2) , 1239 (0) . 1316 (06) . 1462 (25) . 2866 (2) , 2920 (2) , 2966 ( 4 ) , 3000 (2) 


Table XV — AUyl Bromide, CHj CH CHgBr 



2 B 2 
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Table XVI — Chlorobenzene, CaHsCl * 



Jv 198(5), 299(2), 420(8). 816(6), 704(8), 742 (Od) 836(1), 1004(10), 1021(6) 
1084 (6), 1123 (3), 1160 (4), 1383 (0), 1583 (6), 3067 (10), 3168(1) 

* Several mvestigatore have studied the Raman spectrum of this liciuid but many new fre 
quenoies have lieen recorded in this paper 


Table XVII — Bromobenzene,* CjHeBr 



Je 181(1), 239(0), 317(0) 607 (06) , 673 (06) 1026(0) 1079(0) 1188(0), 1367(0), 

1500 (Id), 3060(1) 

* This liquid has been studied by Dodieu and Kohlrausch, ‘Sltz Ber K Akad Wien,’ 
^ol 138, p 336 (1929), and Fupoka, ‘ Inst Phys Phom Res ’ (Japan) vol 2, p 206(1929) 
and the results are in good agreement. 


low frequency shifts characteristic of the earher members aheady noticed 
contmue to appear in these compounds A comparison of the frequency 
shifts m the chlorme and the correspondmg bromme compounds shows that 
they are jnvanably shifted farther away from the exciting hne in the case of 
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the former This is obviously due to the large difference m the masses of the 
chlorme and bromine atoms The prominent frequencies of the chlonne 
compounds range about the mean values Av 760, 660, 320 and 260, whereas 
in the bromine compounds we get Av 660, 650, 230 and 160 There is thus 
seen a one-to-one correspondence between the characteristic frequencies of 
the two classes of compounds This is particularly conspicuous in the case 
of CHCI3 and CHBrj as may be seen in the figure 

Methylene Chloride 
Chloroform 
Bromoform 
Carbon Tetrachloride 


400 1 200 2 000 2 800 




II 




On an examination of the tables it is also found that the frequency 760 cm 
appears prominently in all the chlorine compounds except m isopropyl chloride, 
where it is very weak, and it seems reasonable to attribute it to the C-Cl bond 
The frequency 660 cm plays a similar part in all the bromine compounds 
But when we attempt to calculate from the known dissociation constants foi 
thcs( bonds on thi basis of the foimula used by Dadieu and Kolilrausch (which 
lias been applied with fair success to the calculation of the Raman frequencies 
of soveial types of chemical bonds*), the frequencies for the C Cl and C-Br 
bonds come out as 832 and 693 respectively These arc somewhat higher 
than the experimental values mentioned above, and the reason for this dis- 
crepancy 18 not clear It is probably due to the simple assumptions under 
lying Dadieu and Kohlrausch’s method of calculation not being apphcable to 
cases where one of the vibrating atoms is of very large mass It must, how- 
ever, be pointed out in this connection that the discrepancy in the case of the 
heavier atom, viz , bromine, does not seem to bo greater than in the case of 
chlorine Whatever might be the reason for the failure of the theoretical 
formula, it seems fairly clear that the frequencies above mentioned, viz , 
Av 760 and Av 660, are really characteristic of the C-Cl and C-Br bonds since 
they respectively appear without any exception m all the chlorine and bromine 
compounds studied by us, and in most of these hquids with some prommence 
There is one interesting fact connected with the Raman lines corresponding 
♦ Dadieu and Kohlrausch, ‘ Sitz Ber K Akad Wien,’ vol 138, p 419 (1929) , see 
also Venkateswaran and Bhagavantam, “ The Raman spectra of some aldehydes ” (m 
course of pubhcation) 
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to the above frequencies (Av760 for chlorine derivatives and Av660 for 
bromine denvatives) which distinguishes them from the other Eaman lines 
appealing in our spectrograms, viz , they are somewhat diffuse As has 
already been pointed out by one of U8,f this is particularly conspicuous m the 
case of CCI 4 , CHClg and CHBrj Whether the diffuseness of this Raman line 
18 really due to the occurrence of two very close hnes due to a small difference 
m frequency of oscillation of the two isotopes of the chlorine and bromine 
atoms IS more than we can say, since the dispersion of our instrument was not 
sufficiently large to be capable of resolving the hnes if they occur 

Wo shall now discuss briefly the charaotenstic features of the Raman spectra 
of chloro- and bromobenzene, which are the only aromatic compounds studied 
in this paper In the scattered spectrum of the former a Raman line corre- 
sponding to Av 3168 18 observed which is of special sigmficanco m view of the 
fact that such high frequencies are rare As might be expected, these two 
compounds show several Raman bncs corresponding to low frequency shifts 
The general phenomenon mentioned already regarding the shift of the Raman 
hnes of the chloro-denvatives farther away from the mcident hno than in the 
correspondmg bromo-derivatives is also observed here Chlorobenzene shows 
two pronunent Raman hnes corresponding to Av 1084 and 1123 which are 
absent in benzene 

The Raman hne corresponding to Av 1000 which is very prominent m benzene 
conknues to appear in both these compounds, m addition to which a new 
frequency Av 1025 is present This doublmg seems to be characteristic of 
substitution, as data on other substituted benzene derivatives also show the 
same phenomenon The mtensity of this new component, namely, Av 1025, 
vanes with the nature of the substitution Its sigmficanoe is discussed by the 
authors m another paper 

3 Summary 

Results of a study of Raman spectra of 17 halogen denvatives of the aliphatic 
and aromatic hydrocarbons are reported It is suggested that combinational 
or overtone frequencies may occur in the Raman spectra, if they do so at all, 
only under exceptional conditions, and that the frequency shifts usually observed 
are to be mterpreted as pnmarily due to the fundamental oscillations in the 
molecules The occurrence of several small frequency shifts in all the sub- 
stances studied with a more or less one to-one similanty m the corresponding 
chlorme and bromine derivatives is taken as evidence supporting the above 
t Ganesan and Venkateswaran, lot cU 
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view The baud at about 3 3 [x cliaraotonstio of tho ahphatio C-H hiikagc, 
which UBually oonsiflts of seveial components in the higher members, gives place 
to a single hne m chloroform and bromoform 

From a comparison of the data it appears that the Kamau hne corresponding 
to Av 760 can be asenbed to a vibration m the C-Cl bond, whereas the one 
corresponding to Av GbO can be asenbed to the C-Br bond The diffuse nature 
oharacterisuig the Itaiuan luies shifted by the above frequencies, which is 
particularly conspicuous in OHCI3, OCI4, and CHBr^ may be duo to an un- 
lesolved structure arising from the presence of isotopes in chlorine and 
biorame 

In conclusion, the authors desire to express their best tlianks to Prof Sii 
0 V llaman, F R S , and Mr K S Krishnan for their kind interest m the 
work Tho investigation was tamed out in the lalioratory of the Indian 
Association for tho Cultivation of Science 


T/w Lihcialioii of Electrons fioni MeUd Suijucts by Positive Ions 
Part I —Experimental 

By M Ij 10 OuriiANi, Ph D, lOxhibition of 1361 Senior Roseau h Stiidint, 
Trinity College, Cambridge 

(Coiumuniealoii bv Sit JOriiost llutlurford, F US — Ueetivid Fcbtuiirv 27, 1‘WO ) 

Modern theories* of the glow and arc discharges require that elections shoultl 
be set free from the cathode surface as a result of the bombardment by {lositive 
ions The conditions in the ueiglibourhood of the negative electiode arc 
exceedingly complex, and it is only by systematic exanunation of each reaction 
which wo believe to be present, isolated from tho disturbing effects of thi others, 
that we can hope for a complete understanding of this important legion This 
paper describes some experiments which have been earned out in an endeavour 
to explam the precise nature of the reaction between the positive 10 ns and tho 
surface of the conductor 

The hterature of this subject is fairly extensive, and many of the experiments 


cy Uomptou and Morse, ‘ Phys. Bov vol, 30, p 306 (1027) 
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have been’ very carefully thought out * It seems to be quite definitely estab- 
hshod that ions of velocity greater than about 100 volts set free electrons from 
metal surfaces which are not ngorously freed from gas Most of the experi- 
ments have been earned out with alkah ions from thermiomo sources, and owmg 
to the abnormally low ionisation potentials of the alkahs the results are scarcely 
apphcablo to the case of discharges in ordinary gas We are not concerned 
with the hberation of electrons by very fast canal rays or alpha particles, but 
with the effect produced by positive ions of less than about 1000 volts energy 
Pemungt has estabbshed by a series of experiments that neon ions of as httle 
as 7 volts energy, drifting up against a metal surface, are able to set free electrons 
from it 

The present experunents were carried out with hehum ions, except m one or 
two special instances, for three reasons Firstly, the part played by the 
ionisation potential vnll probably appear very clearly with a gas of such high 
ionising energy , secondly, it will not be adsorbed appreciably at the surface of 
the conductor, and after neutralisation wiU escape again in the atomic con- 
dition , while thirdly, it can be continually and easily purified by passmg over 
activated charcoal cooled m hqmd air 

Two methods of examimng the emitted electrons have been employed 
The most careful experiments have been carried out bj a retarding potential 
method, but these results have been (onfirmed by experiments using magnetic 
analysis of the velocity distribution 

Apparalus 

1’hc production of a homogeneous beam of gas ions is by no means as siiupK 
as 111 the case of the alkah ions, for a thermionic source does not exist, but a 
method has been developed, based on the Langmuir “ probe ” theory, which 
yields a beam surpnsingly “ monochromatic ” m character and of fair intensity 

It 18 known from the work of Langmuir and Mott Smith, $ that a negatively 
charged electrode m a strongly ionised gas becomes surrounded by a sheath 
of positive ions, whose space charge neutralises the potential of the electrode 
at points outside the sheath Every positive ion which crosses the outer 
boundary of this dark sheath must eventually reach the electrode, unless it 
makes a collision in its passage across the space, or the electrode is so small 

* ‘ Handbuoh d Physik,’ vol 24, p 171, tt atq 

t Penning, ‘K Akod Wet Amsterdam, Proo vol 31, p 14 (1927), ‘Physios, 
vol 8, p 13 (1928) 

} Langmuir and Mott-Snutb, ‘ Qen. Kleo Bev vol 27, p 440 (1924) 
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tliat tlie random ion velocities are able to cause it merely to perform an orbit 
about the probe If the ionised gas is the positive column of a glow discharge 
or a low voltage arc, the random velocities of the ions will be only of the order 
of a few volts, so that after traversing the sheath the greater number will 
strike the electrode with the energy corresponding to its potential relative to 
the surroundmg gas The' abnormally long free paths of ions in most gases 
support the probability that there is little loss of energy by the ions in traversmg 
a sheath which is not too many gas kinetic free paths m thickness If the 
electrode is perforated in such a way that the held is not seriously distorted, 
that IS, so that the diameter of the perforations is small compared with the 
sheath thickness, ions will travi 1 through with a velocity determined only by 
the potential applied These facts have been utilised m the method employed 
for producing a beam of He'*' ions 

Helium gas was admitted to the bulb (), hg 1, througli a hue hiak, passing 
on the way over ai tivated charcoal cooled m hquid air An arc of 60 400 

rntor 



milhamperes at 100 volts was maintamed in 0 between the tungsten filament 
and the neighbounng gnd The gas was thus highly lomsed, and when a 
negative potential was apphed to the plate C, immersed in the gas, it attracted 
positive ions, building up round itself a proteclave space-charge slicath sharply 



S76 


M L E Oliphant 


defined as a dark space about 1 cm thick Between tiic edge of the dark space 
and C the ions were accelerated by the full potential of C relative to the gas 
around it, that is, practically the potential of this electrode relative to the 
anode of the arc Some few of these ions entered the hole m the centre of the 
electrode Of those the larger portion colhdctl with the walls of the canal, 
3 nun m diameter and 5 cm long, but a few travelled nght through. Between 
J) and E these ions were subjected to a icversod field, due to the potential 
between the anode of the aic and C applied in the opposite direction, but 
diminished by a battery of small storage cells M In this way a beam of ions 
was obtamed whose energy was mdependent of the high potential from the 
generator apphed to C in order to collect them from the glowmg gas It was 
not possible to vary the “ pulhng out ” potential m order to change the energy 
of the beam of ions A potential of at least 1600 volts was required on (’ 
as at lower potentials the thickness of the positive ion space charge sheath 
was so small that the hole in the ci litre of the electrode caused a serious 
disturbance of the field, and a resultant decrease m the intensity of the 
beam obtained 

Earlier experiments had shown that the beam of ions issuing from E was 
accompamed by large numbers of excited m» tastable atoms, which jxissessed 
high energies and were able to set free electrons from a metal surface which 
they struck * For tins reason the beam of ions was deflected away from the 
direct path followed by the neutral atoms, by an electnc held across the plates 
G 'J'he beam could be located upon the willemite covered surface of the 
sluitter F, wliicli served to close the sht S, and whu li was operated magnetically 
tbiough an iron plunger The well-dehned nature of the spot of fluorescence 
on the screen F, prodin ed by the impact of the beam, afforded a good onb'rion 
of its homogeneity 

(o) RetardtTUf Potential ipparatas For this method of analysis the beam 
was allowed to enter the luilb D, fig 2, and fall upon a targt't T, by loweimg 
the shutter F The taigct was in the form of a pill box, and contained a 
tungsten filament whuli tnabled it to be heated to a temperature of about 
1200° C I’he box was so constructed that no electrons from the filament 
were able to escape from it The target was carried on a long ground glass 
joint, cooled by a stieam of water flowing through a coil of metal tubmg 
cemented to the outer sleeve In this way the whole of the glass 
portions of the apparatus, right up to W, could be baked out at 550° C The 
bulb was covered with a conducting film of platmum, deposited m a vacuum 
• OHplumt, ‘ Boy Soo Proo A, vol 124, p 228 (1929) 
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by evaporation from a heated wire, contact being made by wues sealed through 
the wall of the bulb A variable retarding or accelerating potential could be 



Fi<3 2 —Retarding Potential Effects 

apphed between the target and bulb by means of a potcntiomek i P The 
current to the target and the collecting sphere, t e , the total positive ion cuirent 
entering the system through the slit H, was measured by the galvanometer 
Gj, and varied up to 45 microamperes The secondary i lectrou, or reflect* d 
positive ion current from the target, was measured by the more sensitive 
galvanometer Gji connected between the collecting sphere ami the target 
(6) Magnetic Analysis — For this method of observation the beam, after 
passing through the sht behind the shutter, was directed upon the target T, 
fig 3, which was inolmed at an angle of 45° to the beam, and wlucJi could lie 
heated to about 1200° 0 by radiation from a coiled tungsten filament inside 
the “ pill box ” attached to the opposite face Electrons set free from this 
target were bent into a semicircle by the field of a pair of Helmholtz coils 
the beam bemg defined by the usual sht system The final sht was 0 25 mm 
wide and 4 iutw long, and below it was fastened the Faraday cyhnder Z, 
insulated with quartz, and surrounded by an insulated guard ring Q, the whole 
bemg enclosed in a shieldmg box U The complete system of target, slit 
system and shieldmg box was out and folded from a single sheet of moiybd* num, 
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to eliminate contact potentials, and the Faraday box was rolled from the same 
piece All jomts were lapped and spot welded The analysing apparatus was 



lio 3 — Apparatus for Analysis of Secondary Electrons by Magnetic Bending 

suspended within a glass bulb by two stout tungsten wires sealed into 
the walls 

The apparatus was evacuated through a largo liquid air trap of low resistance, 
by a four stage (laede diffusion pump, which retuincd tin helium gas to the 
reservoir The pressure on this side of the canal was maintained at less than 
4 V lO'-nim with a pressure of 0 01 mm m O, fig 1 An auxiliary putnpmg 
system allowed the whole apparatus, reservoir and Gaedo pump, to be evacuated 
and the glass parts baked out till the residual pressure was not greater than 
10”* mm as measured by an lomsation gauge The system was separated 
from the exhausting pump and gas inlet by mercury cut-offs, barometrically 
operated The helium used was purified by fractionating 10 times from 
charcoal in liquid air, sbght traces of hydrogen being removed by electrolysing 
a trac c of oxygc n from the glass wall of a discharge tube into the glowing gas, 
after a method described by Taylor * 

The whole apparatus was of pyrex glass with tungsten seals, the metal 
parts molybdenum or nickel, with the exception of the canal and the coatmg 
on the collectmg sphere, which were of platmum The ground joints at W, 
fig 2, and those on the steel Gaede pump, were lubneated with a grease of 
very low vapour pressure f 

• ‘ Roy Soo Proo A, vol 123, p 262 (1929) 
t Buroh, ‘ Roy Soo Proo A, voL 123, p 271 (1929) 
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The Bystem of electnoal connections used is shown in the figures, and does 
not call for comment 

BemUt 

{a) The Variation of the Total Electron Emmston with the Energy of the 
Pomtiw Ions - -The number of electrons set free by each positive ion which 
struck a molybdenum target is plotted in fig 4 foi a senes of energies from 80 
to 1000 volts, for a cold and for a red hot surface In the case of the cold 



Fia 4 

target the points do not he on a smooth curve, although they give a faiily 
accurate idea of its general shape The emission was reasonably ( onstant at 
energies below about 200 volts, but beyond this pomt it increased approxi- 
mately Imearly with the energy up to 1000 volts When the target had been 
heated for some time at a bnght red heat, and was maintamed red hot during 
the measurements, the curve obtamed was very much smoother, and was 
reproducible The emission did not now begin to increase till a potential of 
about 600 volts was reached, when it increased gradually, assummg an approxi- 
mately linear form beyond 800 volts, but curving over again beyond 1000 
volts The emissions were also smaller than with a cold target 
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If the electron emission from a hot target is plotted against the velocity 
rather than the energy of the hehum ions, the curve obtamed is even more 
stnkmg, fig 5 The rate of increase of emission at a velocity of about 2 X 10^ 
cms per second is extraordinarily sharp 



Fio 6 

(6) The Effeet of Variatwn of the Angh of Incidence of the Botnbarding Ions — 
The measurements which we have described were carried out with normal 
incidence of the ions upon the target The apparatus is so constructed that the 
angle of incidence could be varied by rotating the ground joint which earned 
the target 

The secondary emission was found to increase with the angle of incidence 
of the ions * The results of a senes of measurements with a nickel target are 
graphically depicted m fig 6 A very good straight hne is obtamed from all 
the measurements so far made, if the total emission is plotted against the 
cosine of the angle of incidence, for a hot or for a gas-covered surface The 
emission is therefore proportional to (1 — cos 6) This law was found to 
hold for a molybdenum surface polished to a good mirror, or for a mckel surface 
polished very roughly with fine emery paper It was not possible to carry 
the measurements to very glancing angles, owmg to the fimte width of the beam 
of ions, which caused some of them to miss the target at angles of mcidence 
greater than about 60° 

* This inoteose of electron emission with angle of inoidenoe has been observed by Saxen, 
‘ Ann Physik,’ voL 88, p 319 (1912), in the oaae of relatively fast canal rays 
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(c) The VdocUy Distnbutum of the Secondary Electrons —The energy diB- 
tnbution of the secondary electrons was determined both by the retarding 



potfntiiil motliod and by tin* magnetic deflection method of anal} sis V large 
uumbir of curves have been obtained under very varying conditions of the 
taiget surface, and foi a large range of energy of the incident ions The 
magnetic method fails for velocities below about 2 8 volts, probably on account 
of uncompensated magnetic fields, or to contact potential differences due to 
different gas-conditions of the target and slits Contact potentials between 
the target and the collecting sphere in the retardmg potential apparatus were 
eliminated by heating the target to about 1200° C , at which temperature the 
thcrmiomc electron emission from the large area could be detected on a sensitive 
galvanometer, and determmmg the potential difference which would just 
prevent emission The correction for contact potential was usually of the 
order of 0 4 volt, the coUectmg sphere bemg negative with respect to the 
target The same correction was determmed experimentally for a cold target 
by illuminating strongly with hght from an arc and using the photoelectric 
characteristic, or by observation of the known velocity distribution of the 
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electrons bbersted by the impact of metastsble atoms of helium formed m the 
canal of the discharge tube * The magnetic apparatus was cahbrated abso- 
lutely by calculation from the dimensions of the box and the Helmholtz coils, 
a check bemg obtained by determimng the current reqmred to neutralise 
the earth’s known horizontal component The earth’s field was neutralised 
by suitable pairs of coils, the residual field over the liox being less than J 
per cent of the normal intensity 

With a fold target, or one which had not lieen strongly heated for some 
time, the velocity distribution curve was very like that found for the electrons 
liberated by metastable atoms of helium f Typical c iirves for a molybdenum 
target are given in hg 7 The form of the energy distribution appeared to 



Fio 7 — Retarding Potential Curve for the Eleotrona set free from a gaa covered surface 
of Mo by He ions of 400 volts energy The dotted curve i* the velocity distribution 
derived from it 


be practically independent of the velocity of the impacting ions in the range 
from 120 to 1000 volts 

After long oontmued heat tre^atment of the target, and purification of the 
hehnm, the velocity distnbution curve changed its character The total 
number of electrons ejected was smaller than for a gas -covered surface, but 
the relative number possessing the higher energies mcreased considerably 
(fig 8) The curve was no longer smooth, but exhibited a number of maxima, 
• Loc cf< , p IS, footnote 
t Loc od. 
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the most prominent, and most consistent m occurrence, being at 2 5, 6 8, 
17 0 and 20 volts There was a very sharp cut-off at approximately 20 2 



I ' 10 8 — Velocity Distn button Curve for this Electrons liberated from gas free Mo by He + 
ions of 4<Kt volts energy (a) Hetarding Potential Method (b) Magnetio Analysis. 

volts, while the retarding potential curve revealed a low velocity cut-off, 
almost as pronounced, at 2 3 volts The position of these maxima, as well 
as of the upper and lower limits, did not differ by more than a fraction of a 
volt for the three materials for which they have been obtained, Ni, Mo and 
W There is some evidence of their presence with a platinum target, but 
Al, Cu and Ag gave a smooth curve of the type obtained with gas-covered 
Ni or Mo These matenals are very difficult to outgas thoroughly without 
meltmg them Molybdenum, however, gave by far the most consistent results 
of any material tested, and the results obtained for this metal are given m 
the graphs in this paper 

It was not possible to retain liquid air on the trap between the diffusion 
pump and the apparatus overnight, so that when starting a run in the mornings 
a certain amount of mercury vapour was alwa 3 r 8 found to have diffused over 
into the discharge chamber 0, fig 1. This was soon swept away if the apparatus 
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was heated to about 200° C and the hehum allowed to circulate for 16 mmute-i 
or so, and its removal could be followed by observation of the spectrum from 
the arc If an experiment was carried out with the composite beam of 
He'*' -f- Hg'*' + the velocity distribution of the secondary electrons was found 
to be very much changed The number of electrons possessing energies in the 
neighbourhood of zero increased enormously relative to the higher velocities, 
while the total emission produced was much smaller than for pure helium ions 
A distmct ( hange of slope m the velocity distribution curve was found at very 
nearly 6 volts, if the target were well degassed (fig 9) A trace of impunty 



f ui 9 — Energy Distnbution for the Electrons set free from hot Mo by He + Hg * + 
Hg-* + (a) Retarding Potential Method (6) Magnetic Analysis 

which could only just be detected spectroscopically, completely destroyed the 
clear-cut character of the distnbution curve produced by He'*' ions Indeed, 
it was only after punfication had been carried out for several hours after the 
spectroscopic disappearance of impurities that the curve assumed its final 
form as shown in fig 8 

The intensity of the 20-volt maximum mcreased with the velocity of the 
ions With an aooeleratmg potential of 200 volts it was just noticeable, while 
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at 400 volta it was very pronounced and exceedingly sharp, fig 10 At 
potentials greater than about 700 volts the maximum began to spread, mamly 



Fio 10 — Enerjiy Distribution of the Electrons liberstod from degassed Mo by He * ions 
of vanous energies (Retarding Potential Method) 

towards the low velocity side, tiU at 1200 volts the curve harl assumed the 
shape plotted in the graph The lower energy portion of the distribution curve 
did not undergo any radical change with the energy of the bombarding ions 
below 1600 volts, but above this it began to spread, becoming very diffuse at 
6000 volts 

Experiments with Alkali Ions 

It IS shown m the second portion of this paper that the emission of secondary 
electrons is profoundly influenced by the relative values of the ionisation 
potential of the atom from which the bombarding ion origmated, and the work 
fimction of the struck surface The cases which we have so far considered were 
such that the ionising energy was far greater than the work function of the 
surfaces, and it is desirable to have results obtained when this position is 
reversed For this reason some expenmental curves are given which show 
the velocity distribution among the electrons ejected from vanous surfaces 

2 0 2 
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by singly charged potassiom ions from a thermiomo source The apparatus 
used has already been described,* and the retarding potential curves given m 
fig 2 were obtained at the same time as the experimental results given in that 
paper 

It IS apparent that even at 600 volts energy K"*" ions are able to set free con- 
siderable numbers of electrons with energies greater than 6 volts, from platinum 



Fio 11 — Retarding Potential Curves for the Electrons set free from various metals 
by K * ions of 600 volts energy 

or mckel surfaces There appears to be a greater relative number of low 
velocity electrons from an alumimum surface than from mckel or platinums 
whose work functions are considerably higher An untreated surface of any 
metal, freshly introduced into the apparatus, always gives a much greater 
(‘mission than a cleaner one, but the relative number of the high velocity 
electrons is small Surface factors which increase the magmtude of the 
emission always tend to decrease the relative number of the electrons with 
lugher energies This is also true of the electron emission produced by He'*' 
The maximum of the velocity distnbution curve, for the electrons liberated 
by the impact of low velocity alkah ions, always occurs m the neighbourhood 
of zero energy There is a greater probabihty that an electron will possess 
just sufficient energy to escape from the surface than that it should escape with 
* Oliphant, ' Proo Camb Phil Soc ,’ vol 24, p 451 (1928) 
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Buy conaiderable velocity (The fact that a collecting potential of a volt 
or 80 18 required in order to collect the total emission on the bulb is 
probably due to the contact differences of potential which exist between the 
bulb and the target, and to the uncompensated magnetic held of the earth ) 
The general form of the energy distribution did not change much with the 
energy of the ions, a slow mcrease m the relative number of higher velocity 
electrons takmg place as the energy increased, but the curves remained 
exponential to the volt axis 

Condusum 

A theoretical discussion of the process of neutrabsation of positive ions at 
metal surfaces is given m the second part of this paper, and the experimental 
results here presented satisfactorily explained, at least quahtatively Further 
experiments are needed before a satisfactory attempt can be made to apply 
these results to the problems of the cathode region of the eleotncal discharge 
through gases, and some of these are at present bemg earned out with the 
collaboration of Mr P B Moom 

I wish to express my thanks to Prof Sir Ernest Rutherford for his 
encouragement and help 
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The l/iheratwn of Electrons from Metal Surfaces by Posxtwe Ions 
Part II — TheoretimU 

By M L E Oliphant, Trinity College, and P B Moon, Sidney Sussex 
College, Cambridge 

(Communicated by Sir Ernest Rutherford, P R 8 — Received February 27, 1930 ) 
hUroductwn 

In this paper we propose to consider the process of electron capture by 
positive ions at a metal surface, and the emission of electrons which occurs as 
a secondary phenomenon The discussion which we venture to give is 
admittedly crude, and it is to be hoped that an adequate theoretical treatment 
of the problem will not be long delayed 
As a prehmmary we shall discuss some aspects of present knowledge regard- 
ing electncal conditions near metal surfaces Recent expenments of Compton 
and van Voorhis* suggest that positive ions capture an electron from a metal 
before making thermal contact with the surface, so we require to know the 
nature of the electric field at some distance from the raochamcal boundary 
We shaU proceed to some calculations on the probabihty of neutralisation, 
basing our work on the supposition that neutralisation is due to auto-electromo 
emission under the influence of the electrostatic held of the approaching 
positive ion f We shall then discuss the phenomenon from the viewpomt of 
the transition of an electron through a potential bamer between two states 
of equal energy, and attempt to apply the results obtained to an explanation 
of the mechanism of secondary electron emission 

1 - -Electncal Oondtttons near a Metallic Surface 
(1) Accordmg to the theory of metaUio conduction developed by Sommer- 
feld,J the free electrons have at ordmary temperatures an energy distribution 
not appreciably different from that at absolute zero, which is given by 

w (e) de = ( 1) 

• Ckimpton and van Voorhis, ‘ Proo Nat Acad 8ci vol 13, p 338 (1927) , van 
Voorhis, ‘ Phys Rev ,’ vol 30, p 318 (1927) 
t The suggestion that electron emission is due to electrostatic attraction was made by 
Holst and Oosterhuis, ‘ Physioa,’ vol 1, p 82 (1921), and by DauvUUer, ‘ J Physique, 
vol 7, p 369(1926) 

X Sommerfeld, ‘ Z Physik,’ voL 47. p 1 (1928) 



lAheration of Electrona from Metal Surfacea by Posttive Iona 389 
up to a maximum value, [i, of c such that 



Here n(e)t/eis the number of electrons per cubic centimetre having kmetio 
energies between e and c + de, the total number of free electrons per cubic 
centmutre, m the mass of an electron, and h Planck's constant 
In order that the electrons shall not escape from the metal their potential 
energy m the intenor, relative to that in free space, must be negative and 
numerically not less than p The statistical theory is not concerned with the 
mechanism responsible for this potential barrier, nor docs it either predict or 
deny that the height of the barrier should exceed p. by a finite amount — ^the 
work function,” here denoted by <f> and, unless otherwise stated, measured 
in ergs From the point of view of the Sommerfeld theory, the existence 
of a work-function is a purely experimental fact, due to the particular mechanism 
responsible for the potential barner Freukel,* however, has obtained, on the 
basis of the virial equation, the relation ^ = |p Experimental values of 
p + are most dehmte m the case of mckel, for which the total potential 
difference is about 1 8 volts, corresponding on Frenkel’s theory to <f> — 6 volts 
Actually <f> — i 3 volts 

(2) The “ Image-force ” Hypothe-ms - In calculations on the passage of 
electrons through the barner it is usual to assume either that the potential 
jump IS perfectly sudden or, as a second approximation, that it is entirely due 
to the “ image-attraction ” on the escaping electron, this attraction b( mg 
assumed to cease suddenly at a distance Xp from the surface such that 

[ — d/ = total potential difference = p -f- 
Joo 4ar 

It IS almost certain that the image-force hypothesis is physically correct at 
comparatively large distances {eg, greater than 2 X 10"^ ems ) from the 
surface , it is in excellent agreement with the observed lack of saturation of 
thermiomo enussion as the accelerating field mcreases f However, m order 
to account for a potential jump of the order of 20 volts, Xp must be about 
2 X 10“® ems , and it is clear that at such distances the structure of the surface 
(lattice spacmg about 2 x 10"® ems ) will be of fundamental importance, and 
that the image force hypothesis would appear to become invalid It should 

* Frenkel, ‘ Z Physik,’ vol 49, p 39 (1928) 

^ Eg, Pforte, ‘ Z Phymk,’ vol 49, p 333 (1928) , de Bruyne, ‘ Roy Soo Proo ,’ A. vol 
120, p 423 (1928) 
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be mentioned, however, that experimeata on electron diffraction show that 
electrons much faster than those here considered react not with one but with 
many points of the crystal lattice We are here considering electrons whose 
de Broghe wave-lengths are larger than the lattice spacing, and they should 
react with even more atoms, while diffraction effects will not be of great 
importance It is thus possible that the structure of the surface is not so 
important as might at first sight appear For simpbcity it will lie necessary 
to ignore the structure m most of the following discussion 

The vahdity of the image-force hypothesis must also be very senously 
limited by the high velocity of the escaping electron for the response of the 
other electrons to the repulsion of the electron considered cannot be instan- 
taneous Kromg* calculates the time of relaxation of the metalhc electrons 
to be of the order of seconds, during which time a 1-volt electron will 

travel about 0 ^ 10“^ ems It will thus be seen that the attractive force on 
the electron will lag behind the equihbnum value postulatefi by the simple 
theory, and that this lag will be serious at distances from thi surface of 10“’ 
ems and below ^ e , just the distances at which the image attraction would 
begm to have an appreciable value 

Agam, the image-force is an attraction towards the surface for both electrons 
and positive ions , it cannot be the only force acting for a positive ion {eg, 
of onsium) can remain in equihbnum outside the metal surface while an electron 
will be absorbed into the metal At small distances from the surface, therefore, 
an electron will bo attracted by the metal while a positive lou is repelled f 
A probable explanation of this is discussed below 

(3) Electron Densities near Metal Surfaces It is important to reabse that a 
large part of the potential barrier which binds the electrons to the metal may 
be regarded as a space charge effect J For if no barrier existed, electrons from 
the metal would begm to escape into the surroundmg space with kmetic 
energies between 0 and (i, and so would estabbsh outside the surface a negative 
space charge which would greatly hmit the rate of escape That is to say, a 
potential barner would automatically build up whose height would approach 
p Once this barner were formed, the rate of escape of electrons would remain 
small and such as to mamtam the barner This, of course, is the classical 
space-charge argiunent it may not apply strictly to the present case, for 

• Kronig, ‘ Roy 8oo Proe A, vol 124, p 409 (1929) 

t This fact can be utilised to explain very satisfaotoriJv the form of the soattenny of 
positive ions from metal surfaces. 

J hrenhel, ‘ Z Physik,’ vol 61, p 232 (1928) 
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the scale of the phenomenoti is leas than the wave-length of the electron waves 
oont emed 

It should be emphasised that it is not legitimate to superimpose, at any out- 
point of space the image force upon the forces due to space charge, for the 
two hypotheses are alternative approximations to a full consideration of the 
mutual interaction of the electrons conoi'med We are interested m the 
electrical forces acting on one particular electron (or positive ion, as the case 
may be) which is under the influence of the other charges (mobile electrons and 
fixed positive lattice) which constitute the metal Let us call this electron 
B In order to solv < the problem exactly we should require the imtial positions 
and velocities of all particles ooncorned we should then write down the 
equation of motion of each particle, including B* , each equation would 
involve the instantaneous position of every other particle Solving these 
simultani'ous etjuations, and using the known mitial conditions, we could m 
theory obtain the position of each particle irtcluding B and the forces actmg 
on it, at any time in the lustory of the system Tins is a hopeless task but m 
two particular cases wt can obtain reasonable approximations to the forces 
acting on B 

(o) If the particles are very close together, we may treat the system as a 
continuous massive electric fluid c , we may apply the space-charge 
treatment- and obtain the potential at any point Note that in doing 
so we have allowed for the effect of B on the rest of the system, for B 
18 now represented by a portion of the flmd 

( 6 ) If B 18 in an isolated position at some distance from the mam system 
of particles, we may proceed as follows We divide the interactions 
of the particles into three parts - 

(i) The mutual interaction of all particles except B 
(u) The polansmg effect of B on the rest of the system 
(m) The effect of the remainder of the system on B 

We observe that if B were absent there would be no held at the pomt in 
question, smee the pomt is outside the cloud of particles and the metal has no 
net charge We conclude that the only field acting on B is due to that portion 
of (m) which 18 a consequence of (ii), and as an approximate method of calcula 
tion we apply the macroscopic law that the metal surface remains eqmpotential, 
finally amvmg at the “ image force ” law 

• For wrapboity we here consider olaaaioal particle mechanic* 
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We may thizs regard part of the potential barrier near to the surface, and 
having a height approaching (x, as due to space charge , the portion which 
occurs furthest from the surface is to be regarded as due to imago force, and 
the mtermediate portion is not calculable, but may be denved by extrapolation 
of data from both main regions Roughly speaking, that portion up to a 
height |i may be taken as space-charge effect, and the remammg as due to 
image force 

Numerical calculations based on the space-charge theory arc open to grave 
suspicion, for the neglect of the structure of the surface and of the discrete 
nature of the electron is, despite the considerations put forward above on 
p 390, a very senous defect We have, however, little doubt as to the 
fundamental soundness of the idea , it is in good ijuahtative agreement with 
the present belief that positive ions, but not electrons, can remain in 
equihbnum outside a metal surface, for the space-charge force is an attraction 
for electrons and a repulsion for positive ions, while the image force is an 
attraction for both (see fig 1) 

Calculation shows that the spai e-charge field varies very rapidly with 




1 — Potential energieB of (a) postttve ion, (6) electron, near a metal surface The 
region m which space charge predominates is mdioatod by 1, the image force region 
by 2 The distances marked suggest orders of magmtude only 

distance from the surface, nearly the whole space-charge effect taking place 
within 10"* cm of the surface *• That is to say, the first part of the potential 


* Frenksl, loc c%t 
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bamer rises more sharply than if the whole bamer obeyed the image-force 
law This 18 of importance for our subsequent calculations 


2 — NeiUraltscUion of Positive Ions through Autoelectronic Emission 


The electric held at a metal surface due to a positive ion at a distance of 
U)“^ cms from the surface reaches the large value of 3 X 10^ volts per centi- 
metre , it IS clear that the autoelectronic emission under the influence of this 
hold will bo large and may bo sufficient to provide a mechanism for neutrahsa- 
tion of the ion We give an outline of calculations which lead to the con- 
clusion that one electron will, on the average, be extracted by the held before 
the ion has approached nearer the surface than two atom diameters, so that 
tlie ion has a large probability of becoming neutralised before actually reaohmg 
the surface Two formula for calculating autoolectromc omission are available 
That of Fowler and Nordheim”' is based on the assumption of a perfectly 
sharp potential bamer which becomes narrowed, but not decreased m height, 
by the external field They obtain for the current density due to a held P 
the value 


Inh (<f> -l-(i) 


( 3 ) 


where 




Nordheimf finds that if the potential barrier has the form calculated on the 
fiure image-force hypothesis, so that the barrier is lowered as well as narrowed 
by the field, then the exponent in (3) becomes 


-ili: 

1 Fc 


V, 


where V is a function of ey'F/^, lymg between 0 and 1, which is tabulated m 
his paper V -> 1 as F 0, so that for weak fields the two expressions are m 
agreement When ey/¥/<j> = 1, le , when the external field has lowered the 
height of the potential hump from (x-f-<^to(i,, V = 0, we shall assume that 
for greater fields the exponent remains zero, and shall thus underestimate the 
< urrent A conservative estimate is desirable and the underestimation will 
not be serious, for the following reasons — 

(1) There will be no discontinuity of the emission at this cntical pomt J 

• Fowler and Nordheim, ‘ Roy Soo Proo ,’ A, vol 119, p 173 (1928) 
t Nordheim, ‘ Boy Soo Proo A, voL 121, p 026 (1928) 
t Fowler, ‘ Roy Soo Proo A. vol 122, p 36 (1928) 
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(2) The apaoe^harge theory indicates that the inner part of the potential 
barrier — from 0 to p — ^nses very suddenly, so that morease of the 
field beyond the critical point will not greatly decrease the height of 
the potential bamer 

{A) Nordheim’s formula will tend to overestimate the emission for strong 
fields owmg to his assumption that the potential barner does not com- 
mence imtil the electron has travelled a small distance (about 2 X 10“* 
cm ) from the surface 

(4) We shall not need to consider fields greatly m excess of the critical 
value 


The discussion of §1 indicates that the Nordheim formula is more likely 
to be correct than that of Fowler and Nordheim, but we first sketch the calcu- 
lations based on the latter formula, which is more easily handled We find 
that in ordmary cases neutrahsation will not take place until the ion is so 
close that the two formulae differ greatly, 
though in exceptional cases the simpler 
calculation will be of importance The 
calculations are extended to closer distances 
of approach on the basis of the Nordheim 
formula 

(a) Calcudations on Fowler - Nordheim 
Theory — The held at a point Q on a metal 
surface, due to a positive ion at P (fig 2) is 
F = 2€ cos* 0/P, (4) 

where I is the distance of the ion from the 
surface and 6 is the angle between FQ and 
the normal through P The area of an annular element of the surface defined 
by 0, 0 + dO IS 

dS = 27rP tan 0 sec* 0 dO (6) 

From (1) it follows that the total electron current from the surface is 





,.F*.e' 


r^. 


J 27tA -+- |i) * 

the mtegral bemg taken over the surface of the metal 
Uubstitutmg the values of F and dS from (4) and (5), putting 
secf e = r, 4eVV3A (<t> + (x) = C, 2K^‘/3e* = a 

we get 

I = ^ 


(b) 
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The total charge extracted by the ion as it movea with velocity i' normal to 
the surface from infinity to a distance will be 

and the number of elect rom emitted will be 

N = 2 p r-’ dx (7) 

Exact integration m fimte terms is impossible , in order to perform the 
X integration we integrate by parts repeatedly and obtain an asymptotic si nes , 
ritaimng the first term only wc get an upper limit The approximation is 
good if it will fail completely when aP < Numerical values 

show that the failure occurs at Z == 6 x lO"* cm for the case of a sodium surface 
and at 3 X 10“* cm for nickil or tungsten 
To this approximation we get 

N --= !:• -L , dl 
V I, aP 

or, putting P — y, 

Wc obtain an uppci limit to this mtegial bj the same method ns before, the 
limits of apphcability bt ing almost identical 
The final result is 

N =CV'’' (*>) 

If <l> and (1 are expressed in volts, then 

C = b t)2 (iV(^ + P) a - 2 63 ^ 10* V 

Take now a favourable case, that of a 10-volt potassium ion {v — 6 ,6 < 10* 
ems per second) approaching a surface whose work funition is 2 5 volts If 
wo put (1 = 5 volts (the final expression is ver\ insensitive to variations in (x), 
and take the smallest allowable value of Zq, viz , 6 X 10“* ems , we get 
N = 0 35, which shows that even m this case the theory breaks down before 
neutralisation becomes highly probable When v is smaller, t e , for very heavy 
ions of low energy, and in particular for oblique incidence, equation (9) will, of 
Gourse, become apphoable 

(b) Calculation on Nordheim Image force Formula —As indicated earher 
the calculation falls mto two parts, according to whether the field of the ion 
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IB or 18 not sufficient to reduce the work function below zero over any part 
of the surface If the normal work function is 4 5 volts (Ni, Mo, W) the critical 
distance of the ion from the surface is 4 X 10~® cms , while for a work function 
of 2 volts the critical distance is 10"^ cms By approximate integration, 
taking care to overestimate the emission, we can show that, except m the 
case of very slow ions, it is unlikely that an electron will be extracted before 
the critical distance has been reached We therefore need to consider the 
case where the exponent in the emission formula vanishes over part of the 
surface It is easy in this case to obtam upper and lower hmits to the eimssion 
which are sufficient for our purpose h’or we can (a) overestimate the emission 
by assummg the exponent to be zero over the whole surface, and (6) under- 
estimate the emission by neglecting that part of the surface over which the 
exponent is not zero 

Consider as before a positive ion at a distance I from a metal surface (hg 2) 
The exponent m the emission formula will be zero for all parts of the surface 
for which e-y/F/^> 1 Smce the held F is 2eco8® 0/i* it follows that the 
exponent is zero for values of sec 0 less than */2 We now calculate 

the total autoelectromc current, assuming the current density to be 


A li! 

2nh (<f> -|- (x) 


F- 


( 10 ) 


To obtam the upper lumt we integrate over the whole surface , for the lower 
limit we integrate over that part of the surface for which 0 is less than 
sec"! 3/2 


We have as m (6) F = 2e/Z* sec® 0 , area of elementary ring 
= 27tl* sec* 0 tan 0 dO 


Hence 

current I 


f e® p* 4e* 

J 2,nh (<ft + (i) I* sec® 0 
4e® p* r tan 

h p) 0* J eec® 


27ri!* sec* 0 tan 0 


d0. 


n ((f> + [i 


(11) 


IVi (<^ -f- |j 

The hmits of integration are m the case of our upper limit, 1 and « , for our 
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lower bmit they become 1 and ^/2 (^/^)* To obtain the number of electrons 
emitted per second we divide by e and thus get 


Number of electrons \ [x* 

emitted per second J (ift [ l) <l>* 


(upper limit) 


l^h 


I (lower hmit)J 


( 12 ) 


Numencal values calculated from equations (12) are shown graphically in 
fig 3, the upper and lower hraits to the emission at various distances being 



Fio 3 —Rate of Extraction of Electrons from Surfaces of Work functions 2 volts (nitht) 
and 4 5 volts (left) by a positive ion at various distances of approach 

given for ^ = 4 5 volts and for ^ = 2 volts The ordinates give the niunber 
of electrons extracted in a second by an ion at distances from the surface given 
by the abscisses For a given velocity of approach of the ion it is easy to find 
at what distance neutralisation becomes probable If, for example, the velocity 
IS 10* cm per second (t e , a 2 3-volt Ho+ ion or a 23- volt K"*" ion) then the 
number of squares below the appropriate graph gives the number of electrons 
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emitted For (^ = 46 volts we see from the lower limit graph that the emu- 
Bion will amount to one electron by the time the ion has approached to a 
dutance of 3 6 X 10~® cm Smce this w a lower limit we conclude that 
neutralisation u quite likely at an even greater distance from the surface, but 
the numencal integration referred to above shows that it will probably 
not occur at a greater distance than 4 0 x 10“® cms The calculations 
therefore give a quite well-defined position at which neutrahsation becomes 
probable It must, of course, be remembered that the emission of electrons 
will be to some extent a random process, so we must not conclude that every 
ion will become neutralised at or near this position, or even before reachmg 
the surface The only conclusion which we draw is that on this view of the 
mechamsm of neutrahsation it is probable that most slow ions will be neutrahsi d 
before reaihiug the surface 

3 - Th( Neutralination of a Positive Ion at a Metal Surface, considered as a 
Transition of an EkUron between States of Equal Energy 

The autoelectromc mechanism considered above provides an approximate 
method of calculatmg the probabihty that an electron shall pass from a metal 
surface to an ion in its neighbourhood, but ignores the difference m potential 
energy (ionisation potential) of different kinds of ion A treatment which is 
physically more correct, though less suiti'd to approximate calculation, is to 
regard the process as the transition through the potential barrier of an electron 
of given energy, from the metal to a state of equal energy associated with the 
ion 

Consider the way m which the energy of an electron varies between a metal 
surface and an ion near the surface , that is, let us map out the field by a curve 
which represents at every point the energy required to remove an electron to 
infimty As before, we idealise the metal surface to a true plane Then for a 
positive ion at a considerable distance from the surface the possible energies 
of an electron he on a Coulomb curve, with an abrupt ending at the ground 
level energy of the neutral atom (fig 4a) Between any possible position of 
an electron associated with the ion, and the similar state in the metal, there 
exists a potential barrier Unless the ion approaches very closely to the 
surface the height of the barner will be greater than g,, the maximum kmetic 
energy of the electrons in the metal, so that classically no electron could leave 
the metal and reach the ion According to wave-mechamcal conceptions, 
however, there is a fimte probabihty that an electron with a given energy in 
the metal will make a transition through the potential barrier to a state of 
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p(iual energy X, associated with the ion The chance that an electron m anv 
small energy range will make the transition will depend upon several factors 

(1) The relative abundance of electrons of that particular energy in the 

metal , 

(2) The width (and height) of the potential barrier , 

(1) The existence of a more or less stable state of equal energy in the ion 

The first two factors appear quite* naturally, but the significance of (3) is a 
little less clear It is quite possible that transitions do take place for electrons 
whoso energy does not correspond with that of a stationary state m the ion 
but in this case the electron wave-packet will not fit exactly between X and X', 
and consequently it is reflected back to the metal at once, from the outer 
barrier at X' On the other hand, if X is a characteristic energy level of the 
atom, the electron will almost certainly bo captured and remain with the ion 
A transition bark to the metal after a finite time will probably be ruled out 
by the re cstabhshment of the degenerate Fermi distribution of energies, 
which would allow no vacant “ phase-cell ” within that range m the metal 
Smee the energy levels have a fimte “ width ” the probabihty of capture will 
fall oil very rapidly but not infimtely rapidly, for energies on either side of the 
characteristic value, while the perturbation of the ion,-field by the surface will 
possibly serve to make the levels neither so sharp nor of exactly the same 
energy as those associated with the free atom 

(a) The probabihty that the potential barrier is penetrated depends only 
on the kinetic energy of an electron, while the energy level in the ion to which 
it will go depends upon the total energy, t e , upon the sum of the negative 
VOL oxxvit —A 2 D 
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potential energy and the positive kinetic energy The high energy levels 
associated with the ion are those which extend farthest from it, so that 
effectively the “ width ” of the barrier is smallest for the electrons in the 
metal which have greatest kinetic energy These electrons are just those 
which are most abundant, so that every condition tends to increase the prob- 
ability that it 18 one of these electrons which makes the transition across th( 
barrier from the metal to the ion We should expect, then, that the ion would 
capture an electron into the nearest stationary energy level corresponding to 
an energy of Vj — ^ 

This conclusion receives considerable support from some experiments 
described by one of us * Hehum ions which colhde with an outgassed surface 
of platinum or nickel at a glancing angle escape largely as neutral atoms in tin 
metastable state The ionisation potential of helium is 2 1 6 volts, and tf) for 
outgassed platmum in contact with a rare gas is 4 77 volts f The helium ions 
would capture electrons most easily into the 24 6 — 4 77 — 19 85 volt level, 
and the nearest lower stable state is at 19 77 volts, the metastable 2 lev el 
for hehum The difference of 0 06 volt may be no greater than thi “ width ” 
of the perturbed energy level 

Exact calculation of this type of transition involves considerable mathe 
matical difficulty, and we have been unable to obtain a solution to the problem 
In the strong field calculations wo ignored completely the lomsation energy of 
the ion, which means that the probabihty of neutralisation which we obtain 
IS independent of the kind of ion involved However, the theories are agreed 
in asserting that there exists a probabihty that a positive ion whose lomsation 
energy is greater than the work function of a metal surface can capture an 
electron wlule at some distance from the conductor, to give an excited atom 
(6) If the ion is moving very quickly it may penetrate very closely to the 
surface before being neutralised For very close distances of approach the 
electron energy diagram becomes of the form shown in hg 4b 
We have given reasons for assuming that the field of the ion will not lower 
the potential bamer at the surface of the metal much below a height p, but 
an increased field, owing to close approach of the ion, will render it very narrow 
Electrons m the metal with energy p can now reach the ion without penetrating 
any bamer Effectively, then, the ion is inside the region of action of the 
work function <f) If the ion penetrates completely through the potential 
bamer and into the lattice itself before neutrahsation takes place, the 

♦ Ohphant, ‘ Roy Soo Proo ,’ A, voL 124, p 228 (1929) 
t Compton and Van VoorhJs, loe ott 
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couditions of capture Income analogous to those for electron capture by ions in 
free space That is to sav, an electron of zero energy will probably be captured 



at hrst into an extreme outei level of tin atom, corresponding to the ionisation 
potential V< * In lioth these cases there now exists, however, a much greater 
probability of capture of a lowci energy electron into an energy state m the 
atom less than V< — owing to the extreme narrowness or to eomplete 
penetration of the potential barrier 

(e) If the ionisation potential of the ion atom w less than the work function 
of the surface, tliero are no eh c trons in the metal of kinetic energy great enough 
to occupy any of the available c nergy levels of the ion Also, if the ton should 
capture an electron, the transition back to the metal would be* very probable 
for there are vacant phase cells of energy greater than p This is m accord 
with an observation of ours, that positive ions of the alkali metals, when fired 
upon hot, gas-free surfaces of high work function, largeh escape again as 
positive ions (It is well known, of cxnirse, that a hot metal surface will ionise 
the alkali metals by icmoving electrons from atoms which collide with it ) 

4 Tht liumston of Socotuiofy Electrons 
(a) EmiSHoti dm to the Potential Energy of the Ions — In the prc'cedmg 
paragraphs we have shown that there is a finite probabihty that a positive ion 
approaching a metal surface will capture an electron from the metal before 
making contact, and give an excited atom This excited atom, of potential 
energy V, — if), will colbde with the suifacc after a very short mterval of 
* Of Seebger, Phjn» Z ,’ vo! JO, p 320 (1020) 
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time (after seconds if it were neutralised at 10“^ cnis from the surface, 
and possessed a velocity of only 10® cms per second, of the order of thermal 
velocities) It 18 improbable, thcrefort, that the excited atom will lose its poten 
tial energy by radiating However, after reaching the metal, or the electron 
atmosphere just outside it, it will be very likely to hand over its energy to an 
electron in a collision of the second kind If the electron then possesses a total 
energy greater than the height of the potential barrier, it will be able to escapi 
from the metal, the energj with which it is ejected being given by 

V«==(V, - ^ + e)-((i + <l>), 

1 1 , will he within tin himts dehned by e, 1 1 , 


and 


V,(,uin ) — Vi — p. — 2^1 

V,uu«x, = V. --2.^ I 


(H) 


Thus, m tin absence of stiagghng, we would t \ptet a sharp i ut oH at both thi 
low velocity and high velocity limits of the energy of emission Of course 
the low velocity limit would only be observed when > p + ‘2^ i t , in 
practice, > about 20 volts The probabihty of the tolhsion of the second 
kind will fall ofi rapidly as tin. energy which has to be dissipated as kinetic 
energy of the electron increases, so that a ibstmct maximum in the number 
emitted would be expected in the neighbourhood of the minimum energy 
This IS off-het by the preponderance of electrons with negative potential energy 
111 th( neighbourhood of <f> in tin metal and particularly in the electron space- 
charge just outside the surface, so that a considerable number may still be 
observed in the neighbourhood of the maximum energy 

Wc have seen that tlu ion may penetrate through the potential harm r 
before it captuies an electron, and in that case would form a transient excited 
atom of energy V( Tlus excited atom woidd at once n act with a second 
electron, giving a normal atom and an electron with considerable energy 
In the absence of htiaggling tlu Imiits of the energy with which the electron 
could escape from the metal would be given by 


V«(mi„) = V, — p — 


( 14 ) 


In a system as closely packed with free and bound electrons as the interior 
of a metal, we might expect that the probabihty of a three body collision, in 
which two electrons react simultaneously with the ion, would be large For 
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instance, reaction with two electrons of energy (jl in the metal might lead to an 
ejected electron of energy Vj -|- considerably greatei than the maximum 

given by equation (14) 

Companion with Exptnment These predictions may be compared with the 
lesults, given in the preceding paper, for the energy distribution among the 
electrons liberated from clean molybdenum surfaces by He^ ions of low 
velocity Here Vj — 24 fi volts, p, = 13 5 volts,* tf> ~ i i volts Thus for 
ions which captiin elections before reaching the surface the energy limits ace 
) — 2 volts, ) = 16 0 volts (ccpiation (1 5) ) ITii experimental 

curves show a v* ry sharp cut-off at 2 3 volts (hg H, Part 1), and in accordance 
with theoiy, a maximum number of electrons emitted with about 2 volts 
energy A rather flat piak also occurs in the velocity distribution curves at 
between 13 and 17 volts, coiiesponding with the prculiited maximum energv 
In some pievious experiments, one of usf has shown tliat excited metastable 
helium atoms set free electrons from a metal surface the energy limits being 
very sharply defined bv equation (13) The very sharp i ut off at low velocities 
seems to indicate the ibsence of serious straggling 

Ions which penetrate the barrier before neiitrahsation would give by (14), 
V,(iniii) --6 8 volts V,(,n„vj - 20 1 volts The maximum energy agrees 
very well with the sharp upper limit in the experimental curves m fig Q, 
Part 1, and as would he expected, the i dative number of these ilectrona 
increases w'lth the energv of the incident ions i e, with the chance of pene- 
tration of the bairn r Also for energies bevond about 300 volts some of the 
ejected electrons escape only after considerable straggling in the surface layers 
of the metal, and the high energy maximum becomes much more diffuse on 
the low velocity side A noticeable peak is found at about the predicted 6 8 
volts, but the position of this subsidiary minimum energy m the curve is 
rendi'red somewhat uncertain by the proximity of the very pronounced 2 5 
volt peak The sharpness of the high energy cut-off at about 20 volts, and the 
complete absence of evidence for the presence of higher velocity electrons, 
renders it improbable that a three-body collision, as suggested above, can 
play any considerable part m the neutrahsation of ions which penetrate through 
the potential bamer 

The distribution curve found for the electrons set free from nickel by He^ 
ions IS very similar to that for molybdenum, as would bo expected from the 

* Obtained from equation (2), by assuming 4 free electrons for each atom in the sobd 
t Ohphant, foe cit 
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practical identity of the work functiona and the Maluea of p * The qualitative 
theory which we have put forward is therefore able to account satisfactorily 
for the energy distribution among the electrons set free from gas-froe surfaces 
of Mo or Ni If every encounter of an ion with a conducting surfate led to the 
production of an electron mo\niig in some imdom direction the inaxiranm 
efficiency of llie process of emission would prob.ibly be somewhat greater than 
50 per w'nt , on account of the scattering back of some electrons projeototl into 
the metal Actually some ions pent ti ate into the metal, and stragglmg and 
absorption would lead to a considerably smaller emission Expenment shows 
{cf Parti) that below about 600 volts the emission remains sensibly constant 
at about 20 per cent , rising rapidly to almut 70 per cent at 1000 volts lon- 
energv The efficiency over this range is thus of the right ordei of magnitude 
(6) The Ennmon diu to th Ktwttc Eneitfif of the Jons The nmnlier of 
electrons set free by a positive ion is not independent of the energy of impact 
of the ion upon the surface, as we have just had occasion to mention Above 
1000 volts the emission incnases slow I v to about 00 per cent at 5000 volts 
At the same time the sharp upper and lower limits to the velocity spectrum of 
the ejected electrons begin to disappear and m particular man> electrons are 
emitted with zero energy fig 11. Part 1) This would indicate either an 
increased straggling due to the elections being produced at greater depths in 
the metal, or else the growth of u diilireiit emission phenomenon which begins 
to mask that which is preponderant at lower velocities 

It IS possible to obtain information about that part of the emission which is 
due only to the kinetic energy of the ions, by employing ions for wluch 
< 2^, or even V< < <^, so that the possibility of liberation of ( ketrons by 
the potential energy is ruled out These ions, when bred upon a conductor 
also set free electrons, but with a much smaller efficiency than lie ' ions With 
gas-free surfaces the emission is less than 1 per cent of the ion current at bom- 
barding energies of a few hundred volts, Imt some of the electrons possess 
energies corresponding to several volts 
The retarding potential curve for the electrons set free by alkali ions is 
exponential to the volt-axis (see hg 11, Part 1) If the curve is plotted 
semi-loganthmically a straight line is obtained , fig 5 The velocity distnbution 
18 therefore Gaussian, or a very close approximation thereto We ran find a 

♦ The value of g, calculated oh the assumption of 3 free electrons per atom for Ni, is 
12 8 volts (Fowler, ‘ Statistical Moohanics,” p <548 (1929) ) and this ogrees with the 
vahie of g + (^ required by electron diffraction ezperunents 
t Oliphant, ‘ Pitjc Camb Phil Soo vol 24, p 481 (1928) 
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“ tcnipeiature ” for the eleotrona fiom the alope of the curve by the relation* 
e/iT 11,600/T - slope, 

if natural logarithms are used The temperatures derived vary from 10,000° 
for an A1 target, to 66,000° for Pt, using 600-volt potassium ions 

If we assume with Kapitzaf that the emission is thermionic and due to local 
heating at the spots struck by the ions, 
the temperature of the elections must 
be identical with the mean temperature ^ 
of the spots This would mean that 
temperatures are obtained b> this 
process wliith an of a totally different 
order from any others reached in the 
laboratory, except perhaps in the 
electric spark it high piessures 
Thermal evaporation would then 
account for the “sputtering” action 
of the ions f It is sigmfacant that Al, 
a good conductor of heat, gives a 
temperature of 10,000°, while Pt, a bad conductor, gives 66,000° Nickel, 
which IS intermediate m properties, gives 30,000° This is the order m 
which these metals sputter when used as cathode in a glow discharge 

In conclusion, we should like to record our thanks to Prof Sir Ernest Ruther 
ford for his encouragement and help, and to Mr R H Fowler for helpful 
suggestions throughout, and in particular for integrating for us the expression 
based on the Fowler-Nordheira theory of autoelectromc emission One of us 
(P B M ) IS indebted to the Department of Scientihc and Industrial Research 
for a maintenance grant 

Summary 

(1) A critical account is given of present theories regarding the electrical 
conditions at metal surfaces The ongin and form of the surface potential 
barrier are discussed, and reasons given for regardmg the major part of this 
barrier as due to “ space-chargo ” rather than to “ image-attraction ” 

(2) Calculations of the autoelectromc emission from a metal surface under 
the intense electric field of an approaching positive ion sliorv that alow ions 

♦ Langmuir and Mott-Smith, ‘ Gen Elec Rev ,’ vol 27, p 449 (1024) 
t Kapitza, ‘ Phil Mag ,’ vol 46, p 980 (1923) 

t Of Hlppel, ‘ Ann Physik,’ vol 81, p 1043 (1920), and vol 86, p 1006 (1928) 
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will probably capture an electron m this manner while still several atom- 
diameters from the surface, though faster ions have an increasmg chance of 
reaching the metal before captunng an electron We suggest a more direct 
treatment of the process regardmg neutralisation as due to the transition of 
an electron through the potential barrier to a state of nearly equal energy 
associated with the ion 

(3) The electron will presumably be captured into one of the “ outer orbits ” 

of the atom If, as appears most probable, this neutralising electron possessed 
while in the metal the maximum energy allowed at low temperatures by the 
Fermi distribution, then the potential energy of the system thus formed will 
be Vj — <f> where is the lomsation potential of the atom and <f) the electronic 
work function of the surface If 2(f> the excited atom possesses enough 
energy to set free, by some quantised process, a second electron from the metal 
In the case of an ion which penetrates the surface before neutralisation, it is 
sufficient that ^ in order that secondary emission by this process 

should be possible For an atom whose lomsation potential is less than </> 
electron emission cannot be due to a simple quantised mechanism alone, but 
must involve some more complex process, such as local heating, in which a 
portion of the kinetic energy of the approaching ion is utilised 

(4) The above ideas are found to provide a satisfactory basis for the inter- 
pretation of the expenmental results In particular, the theory is in good 
agreement with the observed energy distnbution of secondary electrons pro- 
duced by ions of various kinds and at various velocities 
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The Effect of a Nuclear Spin on the Optical Spectra — III 
By J Hargreaves, Clare College, Cambridge 
(Communicated by R H Fowler, F RS — Received March 12, 1930 ) 

In two recent papers* the author has discussed the effect of a nuclear spin 
on the optical spectra by the method of multiple wave-functions In these 
papers the interaction energy of the nuclear and electron spins was not taken 
into account, as has been pointed out by Hill f By its omission the equations 
were simphfied considerably, without affecting the intensity ratios of the lines 
of the multiplet The problem of finding the relative intensities is a purely 
kmematical one, depending as it does, to the hrst approximation, on the un- 
perturbed wave-functions In the papers cited we used the interaction energy 
of the nuclear spin and orbital momentum to find the 4i, H- 2 wave functions 
(tfl being the number of quanta of nuclear spin) which must replace the two 
wave-functions necessary to describe the electron spin fine structure In 
order to describe the multiple energy levels correctly we must calculate the 
interaction energy of the two spins m addition to the energy increments already 
calculated in I and II This is the first purpose of the present paper, and the 
work 18 earned out for the cases = J, 1, IJ, 4J It is found that in the 
case of the pj levels the interaction energy of the two spins is equal to that 
of the nuclear spin and orbital momentum, while for the levels the ratio 
18 — J It IS further found that the energy levels of the S terms are correctly 
given in I and II 

As regards comparison with Jackson’s results m the case of ceesium, it 
would seen that, the separation of the p-levels bemg very small In companson 
with that of the S-level, he has been able to observe the multiplet structure of 
the lines due to the separation of the S level only If we make this assumption 
it will be seen on reference to I that our results agree qmte well with his 
observations 

A simple description is also given of the hyperfine structure of the Zeeman 
effect (in strong fields, so that the Zeeman effect is of greater order than that 
of the nuclear spin, but less than the doublet structure), and the energy levels 
of the multiplets calculated Results are found which agree very well with 

• ‘ Roy Soo Proo ,’ A, vol 124, p 668 (1929), and voL 127, p 141 (1930) Quoted as I 
and n respectively 

t ‘ Proc Nat Acad Sci vol 16, p 779 (1929) 
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Back and Goudsmidt’s observations for bismuth, and confirm the assumption 
they made of the ‘ cosine ’ law for the interaction energy Eurther, the 
agreement confirms the vahdity of the empirical equations given m I and II 
It should be noted that the present method only enables one to calculate 
the energy levels in the case of an atom with one electron in the outer shell, 
or, m the case of atoms (such as bismuth) with more than one, the niultiplet 
energy levels for those states in which the total spin angular momentum is \h 
Thus we are enabled to apply the present method to the pj ps /2 levels of 
bismuth 

Some recent papers have appeared on hyperhne structure White has 
published accounts of the hyperhne structure of praseodymium,* thalhum,f 
and given an interpretation of the hyperfine structure;}; of vanous atoms 
We cannot, however, apply the present methods to these atoms, which are of 
a compheated niultiplet structure Goiidsnudt and Bucher§ have calculated 
the separations for various oases by assuimng the “ cosme ” law They do 
not, however, give the absolute values of the separations , this paper is in 
part a justification of their assumptions 
§ 1 The interaction energy Hamiltoman of the nuclear and electron magnets 
in the notation used m the papers I and II is 

IT'- -^i(r„r-n(o' p)-3(cr 1) (p 1)} (1) 

where 1 denotes the vector (r/r, yjr, zjr) To find the energy increments we 
have, in accordance with the usual perturbation theory, to average H' over the 
undisturbed wave-functions, % e , the wave-fimctions found m I and II In 
other words, wo have to find the diagonal elements of H' in the matrix scheme 
m which the unperturbed Hamiltonian is a diagonal matrix If ij;, (r = 1,2, ) 

are the unperturbed wave-functions of anj hyperfine structure level the 
interaction energy due to H' for that level is 

S jil/, (H' tji), dr/L 1 dx (2) 

The part of this expression depending on r is 

* ‘ Phys Kev vol 34, p 1397 (1929) 
t ‘ Proc Nat Aoad Sol,’ toL 18, p 68 (1930) 
t ‘ Phys Rov ,’ vol 34, p 1404 (1929) 
i Ifnd , vol 34, p ISOl (1929) 
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Noting that — eA/2»M, |x(j.„ tunes the integral is as dehned in I (24), 
80 that if we write 

K = (a p)-‘l(o« l)(p 1) (2) 

the expression (2) is 

win re th( (j;’8 now infer to the part of the wave function dept nding on G and </> 
The tompletc solntions for these ha\e been given foi the difTirent levels in I 
and II Thus 

-n.r-, rr 0) I 

(4) 

— «.ri" ‘MWIS ())(*"'"•> -fr (l - 1, i 2l„+l) I 

The denomnutoi of 1h< expo ssion (2 1) is 

\tz 

I 'I I I I)' (^ - " ' H- 1)' 

I MM /)' (/ 

(uhing 1 (20) ) and this is < (pial to 

t7t/(2A + I) 

hy the 1101 niahsation itlatioii J1 (19) The expression (2 1) foi the energy 
increments therefore reduces to 

\ ( 4 ;, (E4i), sm G rfO d4 (2 2 ) 

H-T r J 

The calculation of the operation (hij/), for a partitiilar value of / and i„ is 
t( dious though some sunplifications can be madt 


( cr 1) == (er,, cos ^ | or^ sm ^) sin 0 } o cos 0 
- (ae^^ + j'< ^<*) sm 0 (- rr cos 0 

whert 

a = i (<7^ - "T,), 7’ - i (Oi \- wij V 

and 

(p 1) - -f sin 0 -f p, cos G 

P == i (p, — »P»), fi' " I (p* f ip„) 


(5) 


a, a', p, (i' arc easily calculated from the matrices for the a’s and p’s as given 
in 11 They are very simple consisting, m fact, of matrices in which onlv one 
diagonal is filled 

The operator ( a 1 ) (p 1 ) is then given b\ 

(a> l)(p l) = (apt 2 <>+*'p't-^‘^ 4 -«^' fa'(i)sm 2 0 

+ [(Pc, + *Pi) -H (P''^ + «'P«) ‘’"'‘*1 0 cos 6 + ((T.Pj) cos® 0 (6) 
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The operator ( crp) and the operatora m the brackets ( ) on the right-hand side 
of the above equation are then easily calculated by the simple multiphcation 
of matnoes It is found that the result of the operation 4'f (E4')r not 
contain <f> and so the result of integration with respect to <f> is simply 2k 

It would be very long and tedious to calculate the energy increments for 
general values of ^ and u in the case of as there are in general 20 wave 

functions, but fortunately this is umucessary, owing to the fait that the 
system is degenerate Kor eaih vdiie of I there are 2I + 2i„ -|- 2 sets of 
solutions in which - (I 2»„ + 1) I, and for whiih the energy is the 

same This degeneraiy persists also for the energy increments under present 
oonsideiation Accordingly wi need onl^ make the calculations for one 
particular value of u Further, in the < ase in which we are interested for bis- 
muth, VIZ , A, -=- 1, till eigen functions are all simple tngonometiical functions 
of 0 

In the case of i„ = however, it is sufhciently easy to calculate the energy 
increments for general values of X and u and this we shall accordingly do We 
easily find with the aid of Ci) and (6) and the calculation of a (i, etc that the 
expression (2 2) is 

where 


(X, a) = {pi: u - u) 1 «*■ (Pc «+j - H 

- («a + «s)* (P* u 1 1 - 9* » n) - fwi, c/r* „ - fai, (a^ + a^) „ 

l-ba^(cia 

Pt » — I (!’?)* <1^ Ik n "■ 0 (1*2)* Sin 0 dO 

't « - £ PcPc+® 0 dO , sj „ j" sin 0 cos 0 P2P2+‘ sin 0 dO 


The integrals „> *■* u « are evaluated in the following section 

§ 2 The function PJ (cos 6) used m the solutions (4) are defined as 

K (r) ^ (a _ t (1 _ x*)"/* [(a^ - 1 )'*]/2* n ' (8) 

With this definition it is easily proved that 

p-» = (_ l)**!*^* 


Accordmgly we can write 
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j' r-’p;;*(x)p;;(x)rfj 
The mtegial ou the right is iqual to 

“ L ,1=^ i ‘"’J 

“ '>■" r, I'- - ')i 


integrating n — /« times by parts Working this out wt find that 
<h m - (» - '«) ' (« h ^«) ' (4«* - + 1/1 - 2) '(2/< - 1 ) (in ^ 1 ) (2n + 5) 

We iiiav cakvilato i„ and s„ in a similar way and hnd that 

/•n « - - Hn - >n) ' (a + u, f 2) ' /(2« - 1) (2// j- l)(‘2a |- )) 

(« + m+l)' 2(2m4-l)/(2H-l)(2a f l)(2»+i), 

p„ IS a well-known mtegial, and is given in I (20) 

§ 1 In the tase i„ — i there are four hyperfine structure levels, and the 
constants a^, tl^ for earli of the levels are given in I (24), (the constants 

are th( u called a b, c, d), as well as the energy inerements due to th(> interaction 
of nuclear spin and orbital monii ntimi Making tin calculations involved 
in (2 )) and (7) we find that the energy increments of the four levels arc given 
(in order of magnitude) by — 

AW =p,A-2(i,M^ 1 l)/(24 1 1) 

AW - t 1)/(2A + 1) 

AW - - [i, (< + !)- + 1)I(IL - I) 

AW' - - Pi (A -h 1) f 2[4/(^ + l)/(24 + 1) 



In particular the pj/j and pi/z separations arc j J and pj 
The particular cases ^ = 1, t, = 1, IJ, 4^, can be dealt with fairly shortly 
if wo make the calculations for « — — 2, for example In this case only the 
five functions ipj to ij/o for t, = 1, and the six functions ijig to !|i 7 for i„ := 1^, 
4^ The Legendre functions concerned are Pj"*, Pi®, Pi^ which are simply 
— sin 0, cos 0, sin 0, respectiv ely The calculations are too long to reproduce 
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here in detail, and we shall therefore give only the results As stated earher, 
for the level the nuclear and electron spin energy is equal to the nuclear 


spin and orbital momentum energ}, while for the pj /2 levels it is — ‘ We 
hnd then the followmg tn< rgy levels 
(i) („ = 1 The p 3 j 2 Uvels an given bv 

AW = Pi f- 8P2/5, Pi - lOpj/S, Pi - 8P2/ 1 (10 1) 

and the pi/^ levels bj 

AW - -iPi I 8Pi/d, -2pi-lbpi/3 (10 2) 

(u) ^ U 

AW = Pi f- 12pi,'*, p,-lp2,-.. P. - (IH) 

AW - - jpi f lp„ 2pi 20p,/3 (11 2) 

(ui) i,- li 

AW= Pi + dbp 2 ,'>, pi + 4pi,.j Pi O 8 P 1 /K*, p, -Ups/S (12 1) 
AW - - 2p, + 12pi, - 2Pi - llpa/ 5 (12 2) 


It will be seen that in all cases the cosine law for tlie total mtera( tion I'liergy 
is obeyed and in particulai that the separations of pt/z on (ni) an 111 the latio 
0 T) i as observed by Goudsmidt and Back 

It IS necessary now to ronsidei the effect of thi nuc leai and < lectron spin 
interaction of the s tirms It will 1 m sci n that this is /eio In the solution 
for / -- 0 for all values of i„, and foi some valid valiu of ii onl) two wave- 
functions exist Suppose wc choose thi value of u which makes and 1 
only different from zeio 

The relevant Legendre function Pq" is cqu,il to unity, so that the 1 ( 1 , s referred 
to m (2 2) are all zero except >\> 2 , and ^ 1 , which an equal to a^, and 1 1 
respectively It is found that 111 this lase only tlie o^k rations of (ap' + a'p) 
and (OjP,) on the right-hand sidt of (b) give uou-/i 10 lesidts In fai t wt hnd 
that 

Li}/, (Eip), -- L (^i„ - -iO «L 1 1 “ ( - 2s + 2) 

— 2 {« (2l„ — A -j- 1) }* 02/12,4 iJ (1 — d COS'^ 0) 

The mtegral (2) therefore contains 1 (1 — d cos^ 6) sin 0 dO, and the average 
Jo 

energy density of the nuelear and electron spin interaction over a sphere with 
centre at the nucleus is zero The total interaction energy is therefore zero, 
aJthough the part of the integral m (2) with respect to r is not m this case 
convergent The S-levels are therefore correctly given m I and II 
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§ 4 In deabng with the hyperfine structure of the Zeeman effect we first 
find solutions of the wave equations neglecting nuclear spin, and then take the 
latter as a perturbation In doing this we may neglect the energy of the nucloai 
magnet in the exti'rnal magnetic held We start with equations 11(4), 
neglecting [jl, but including the effect of a uniform magnetic held H The 
course of the work follows that in 1 as fai as equations (25) except that we now 
use 4i„ |- 2 tl* ^ instead of four Wc get + 1 pairs of equations similar to 
I (25 1) and (25 2) 

AW2._i aif-i' = Pi - (M- « + 1) <i+,J I (« b 1) 

AW^ - Pi [- - (^ - « f- 1) ««*-_»! + (u - 1 ) 

wiun tu - and s = 1 , 2 2t«-( 1 ft is sk n that by writing i< 1 Horn 

in (12 2) W(‘ obtain solutions in which only two of the constants a are different 
from zcio Wo get Darwins pair of solutions 2i, -f 1 times denoting a 
(2t„ ( l)-fold degeneiacy 

(1) AW = pl^+<a(«^ l)(l+ l)/(^ l-i) 

<> 2.-1 = « 2 ,-i/« * (0 PT e•"^ = a^f„ t (r) 

<>ii — ~ [(^ ~ + « h 1)] 02,-1 . 

«2.-l’“ = (/< + W + I- 1) (^ (- >1) ' {k - u ) ' 

(u) AW =.^ - Pi (X f 1) I <0 (u + 1) + i) 

02, - ~ - (^ - a)l(2k + 1) (A f it) ' {k - u ) ' 

In both (i) and (ii) only 4* 2 ,. 4'a,-i differtiit fiom zero and there are 2i« -f 1 
sets of solutions m each case, t c , s — 1, 2 (2i„ + 1) o lias the usual range 

of values, viz , — k — 1 u '^k 

We find the additional energy due to p by avt ragmg the relevant part of 
the Hamiltoiuan over the unperturbed system represented by ( 1 ) and (u) 
The empirical terras in II are ineffective except for A (> when they 
become the dominant terms For A 0 the additional terms 111 the llamil- 
toman are 

F-^(p M)-i^{(o- P)-3(o- l)(p l)j = Fi~F, (13) 

(say) Fi represents the second set of terms in the equations II (4 1') and 
(4 2') The mcrement energy for any of the solutions ( 1 ) or (u) is 
8 = Si - 8, 

8 , = S (F, 4 .), dx/S 4;, dx (t = 1, 2 ) 


where 


(14) 
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Fi involves the operators k, ± *'fv» ''« ^ dehned in I (16) 

jJP2 e-'“* (<c, ± iKy) PJ sm 0 dQ d<f> 

= - t (i T m) II PJJ e-‘“* e*(«±i)* gm 0 d6 = 0 


by 1(19) The relevant part of F, m therefore 
tncir 

Using 1 (19) and (20) we hnd the values of Sj in the solutions (i) and (ii) are 
(i)' 8, = (2 ih - >« + 2) p/ (2u -4 l)l(2k + l) 

(11)' = (2i„ - 2» + 2) ^ (k + 1) (2« f l)/(2^ + 1) 

The ( valuation of involves similar work to that described m the earlier 
part of the paper, but having calculated the relevant matrices is much simpler 
as we have now only two 4'’'< hnd that 

(I) " 8, = (2*, - 2^ + 2) p, A (2 m + l)/(2^ + 1) (2k + 3) 

(II) " 8, - (2i. - 2* + 2) Pj (k + 1) (2m + l)/(2^ - 1) (2^ 4- 1) 

It 18 seen that 8j is eij^ual to 8l/(2^ + 3) and $il('2k — 1) respectively, the same 
relation as holds for the ratios of the interactions of the nuclear spin with the 
electron spin and orbital momentum in the absence of an external field There 
fore the values of 8 are — 

(i)'" 8^2 (2t„ - 2« + 2) pi/i:(/t + 1) (2 m -|- l)l(2k + 1) (2k + 3) 

(u)'" 8 =- 2 (2i„ — 28 + 2) PjsJfc (^ + 1) (2m + l)l(2k - 1) (2^ 1) 

In the case of the S-levels the unperturbed solutions (neglectmg p) are found 
to be 

(ui) AW == p 1 , 0 4- w 

<jij,_i = » (r), all other iji’s being zero 


(iv) AW ^ pi, 0 - « 

ijij, = -/«,, (r), all other J/’s bemg zero 
r 

The first terms in AW are due to the empirical terms in the wave equations, 
and were found in I and II , the second terms are simply the second term m 
(i) with M = 0, — 1 respectively The relevant perturbation terms are now the 
empirical terms, the value of 8 bemg given by (14), with F, replaced by F, 
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the part of the Hanultoman representing the empirical terms In the opera- 
tions wo need only retain terms containing respec- 

tively , since there is only one ij; in any unperturbed solution Hence 

(F«.= 

Using 1 § (h), we hnd that for solutions (ui) and (iv) 

(m)' 8- -(2i„-is + 2)(i,„ 

(iv) 8 -= + (2«„ - 2. + 2) p, „ 

respectively Each level is therefoie split up into [- 1 nucloai spin levels 
to each of which b< long two (or, for the S-leveLs, one) wave functionsi|/ z,-i, 4'2f 
(s = 1, 2 2i„ -f- 1) The intensity of a transition from a A-level to a (A — 1)- 

level depends on L 'j'r'l'r" and we sec, therefore, that the only possible transitions 
aie between corresponding levels (i e , with the same value of i) Further, the 
w'ave fimctions are the same for all s in (i) to (iv), so that the intensities of the 
transitions are the same Therefore each line in the Zeeman effect is spht 
up by the nuclear spin into 2t„ -|- 1 lines of equal intensity Moreover, the 
difference between consecutive values of 8 in any {k, u) level is seen to be 
constant, and so there is a constant frequency difference between the nuclear 
spin multiplet lines 

The line p 3/2 ^ (!« = 4^) has been observid for bismuth m detail by Back 
and Goudsmidt According to our calculations for the ps/2 level 

A,= l, M = t, 0 , 1-2 S = 4(ll-2s)P2(2« + l)/ir) 

and for the s-h vcl 

A - 0, M == 0, -1 , 8 - T (I I - 2s) Pj 0 

respectively 

Foi the two paiallel components (a = 0, —1 to tt = 0, —1) the energy 
difference between consecutive lines of the nuclear spin multiplets is in each 
case 

8P2/I5 + 2p, (15) 

For the perpendicular components m = 1, —2 to m — 0, —1, it is 

8P2/6 -t- 2P2.0, (16) 

and for the perpendicular components u — 0, —1 to a — —1, 0 
SPa/lJ -2p2„ 

2 E 


VOL CXXVII — A 


(17) 
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The separation of the 8 levels is bv II, § 4, o, and the total separation of 
the P 3/2 levels is bv (12 1) Ib^^ The exjMrimcntal results cited show these 
quantities (subject to a < onstant factor) to be 0 830 and 0 605 respectivclv 
The separations (15), (1(»), (17) should theiefore be 0 10S2, 0 1415, 0 0628 
These values agree veiv well with obsei vat ions, ,ind with tht deductions of 
Back and Goudsmidt based on the i lassical quantum theory and the assumption 
of the “ cosine ’ law 

As regards the hypi rhiit stria ture of e^esium, if we assume that the doublets 
observed by Jack son were dia to the doubling of tla S-lcvel, and that he was 
unable to observe the separations due to the doubling of the ps/j and pi /2 Icvils, 
we must suppose (see I tig 1) that the lines he observed were the two strongest 
of > Si /2 and pi/^ > si/j If we do this for the lines Is -*- 2®p,/. and 
Is • 2 *pi/ 2 , which he » xamined we dedu<,e that the separation of the lev'tls 
vir , dSfi^/lS, IS equal to 0 021 em The elei tron spin doublet separation of 
the p-levels, viz 1[1,, is 550 cm Hincc 

12^2/45 Pi -0 021/550 

If, therefore, we suppose the magnetic moment of the inioleus to be VTiehllni'c 
(sio I), wo lind that C is approximately 6 5 We deduce, therefore, that the 
ratio of magnetic moment to mechanical moment in the niideus is appioxi- 
inately b 5Ze//ii'c 

idded Note — While the present work was being wntteii up a paper appeared 
by Fermi,* m which he obtains the s, p,;j, and pa/^ multiplet levels The 
results are identical with the ones obtained in the present paper, a different 
notation being useil 


Fermi, ‘Z Physik,’ vol 00 p 320(1929) 
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The Ciystal Sit ucture of the Notttial Paraffins at Temper alH>es 
Rangvng from that of Liquid Air to the Mdtinq Points 
By Alfx MtiLifR 

(Communicati d by Sii William Biafjji, F R. S -RklivoiI \laii li 12, l')3i) ) 

I Pi \TKs 5 a ] 

InlKMliu-ltwi 

The aim of this papei is W ^ive a survey of the stimtiiHs of the noiinil 
paraffins at teraperatiirf s ranwin^; from that of liquid iiii to those in the 
neighbourhood of tlu melting points The papei dividis naturaliv into two 
parts, om dealing with tin tiuimal expansion, i ( with tin giadual and con- 
tinuous increase of the lattice dimensions with iniicising tempe ratine tho 
other with the discontinuous structural thuiiges which occm iindci ccitiin 
c onditions when the substani c s m suhjc c ted to tc mpe i itun c liangc s 

( 'k( iHiral MaU i lal 

The chemical material was partly that already used in pi« \icius woik and 
partly new material Most of the substances were svnthcsiscd in the Davv- 
Faradav Lalioratori Some of the pieparations such is he xiinc and pentane 
were bought and caie fully purified The wntei is again vc ly much indebted 
to hi8 colleague's, Dr U S Gilchimt and Mr 10 L Ifolmes who wen kind 
enough to do all the chemical work for him 

Ajpn imtutvl 

The following method for mounting the samples on the X lay spec tronicti r 
was found to be very convenient Thm-walled glass tubes of, say, I to 1 ^ mins- 
diamcter were partly filled with the aubstances and then sc ale cl off at both ends 
In this form the samples could be kept indefinitely and handleel with ease 
These glass tubes were made to fit closely into small metal lioldors and eould 
then be centred accurately on the spectrometer During the c xposuie they 
were rotated The cooling of these samples was epnte a simple nuittei Foi 
the lie^uid air investigation the sample holder had the shane of a small cup 
supported by a stem The glass tubes wcie made to fit into a narrow cential 
hole in the stem The liejuid air was conducted through a small glass funnel 
which ended veiy close to the sample anel near the point where the X-iays 

2 E 2 
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struck the substance The liquid air floweel along the glass tube into the cup 
and ocerflowed or evaporated there By this method it was possible to 
keep substances hke butane and jicntane fro/i n The film holder which sur 
rounded the sample was made into a camera sufficiently air-tight to prevent 
moisture fiom entering it No traces of ite lines could be detected on the 
photographs Work at higher temperatures was done with the same apparatus 
excipt for a few minor altiiations The cup shaped holder was rcplated by 
a small cyfindrual one and a small platinum heating coil which surrounded the 
sample closelj w is put immediately below the point where the X-rays struck 
the glass tiibi Any of the samples investigated hen could bo kept in a 
liquid state by sending a small current through the coil The surface which 
separated the solid fiom the liquid phase inside a sample tube could be slufted 
up .ind down and tin solid or liquid portion could be brought into the path 
of the X-iajs at will 

Tin X ray tuhi with copiH*r anticatliode A = 1 'I'W A U was run by an 
induction cod with a Wehnelt interrupter and the radiation was hltered by 
nickel foil 

1 T/urmal Ejpatmon 

BefoK giving an account of the expansion mcasurcmints it is necessary to 
recall a few facts about the structure of these hydrocarbons UioHeo has been 
previously determined from X-ray measurements on a single ( rystal * In the 
present work tln'n was no necessity to piocure single crystals Powder photo- 
graplis, examples of which are given at the end of this paper, showed at once 
that i whole series of these siibstimes have identical structures, t e , the chain 
molecules although different m length aie arranged m exactly the same manner 
throughout the series It will be shown in the second part of this paper that 
under certain conditioius some of these paraffins can form a second structure 
different from the oiu mentioned above It should be remembered that the 
expansion measurements treated in this section have been earned out on the 
first, or ‘ normal ” structure, i c , on the one eorrespondmg to CjBHflo 

A few words may be said about the way the figures for the expansion were 
obtained from the photographs The plan was to find the hnear expansion 
in the direction of the three crystallographic axes First it was necessary to 
iijentify the reflections on the films The size of the lattice being known, the 
usual difficulty did not arise There were three reflections which could always 
be obtained with comparatively short exposures, namely, the 110, 200 and 020 

* ‘ Roy Soc Proo A, vol 120, p 437 (1928) 
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The first was the strongest, the two others were wiaku The two Ust 
reflections were usually the most clearly <h fined of the tlirei The spaeuigs 
corresponding to them gavi at onee half the lengtli of tin two main axes a 
and b in the basal plane of the crystals The following table gives th* mimencal 
data of the lengths of these two axes as obtained from difb h nt substances at 
different timperatures With legard to the tcmperatun it will In noted that 
no figures are giv«n m tht table No attempt is mad* m this preliminaiy 
paper to obtain a high degree of acciiraiy 

Talili 1 


Liquid Hir Room 1 1 » dcgrcts (’ botou 

Number Icmiieratuit tumi>eratiin im Ring jxunt 

of (’ I 

atoms I ■j I ■ ■ ““ 

a/2 b/2 a 2 !i/2 n 2 I h'l 


11 

16 

17 

18 

19 

20 

23 

24 
20 
30 


I 50 2 4(. 

1 fiO 2 47 — - 

3 695 2 445 1 81 

— , „ (St 

3 58 2 44 3 70 2 49 1 SO 

, — , — t 88 

3 OO ' 2 46 i — 

3 62 2 45 3 73 2 19 1 80 

— - I < 70 >47 1 79 

— $ 74 2 48 — 


2 51 
2 50 
2 485 


2 30 



The figures show cleaily that the lengths of both ax< s men asts consult r ibly 
with increasing temperature We take the figuusa/2 mid bJZ for different 
paraffins at hquid an tempt ratine They an ulentital within the limits of 
experimental error, t< j to 1 per cent Tht xvtrage foi a 2 ami b'2 at liquid 
air temperature is 

(1,2 - 1 591 i;0 OOtAU 
h,2-^ 2 15d±() 004 A U 

The relative eriors of the averages an thus only a few thousandths (The 
absolute values should be torrect within svy, } pi tt nl ) fn the following 
table the linear cxpusions of the a and the b axis have bt'en calculated with 
the Old of the hgures in the previous t iblc 
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Table II 


Nunibor 
of ( 


HcUing 


1 empomture rangi 


IS 

1» 


24 

29 

29 


22 1 air -near melting point 

28 [ — 

31 - room tempemtuii 

iiiai milting iwinl 
38 

54 room leiinaraluit 

mar mi Iting iKiint 
(>4 , —mom temperature 

near melting point 
till - inoiii ti m|K ratlin 






A 


per tent 




(I 74 
e 87 

2 98 
7 67 
7 1*9 

3 81 
6 7« 
3 14 
6 48 
t 01 


2 32 2 9 

1 91 3 0 

1 61 2 0 

1 30 6 8 

I 91 4 2 

1 61 I 25 

2 34 2 6 

(I 77 I 4 1 

1 61 JO 

1 10 I 35 


ft, - i( ngth of a axis at li()tu<l air tt mpt ratiiK 

III — It ngth of h a\is at liijuid air tcmpnatim 

ft, = lenffth of a axis at teinpeniture / 

6, lenfith of h axis at tiinpeiatuie t 

\ - 100 (rt, - ft,), a, A,, = 10(*(ft, h,) hi 


Tlu table whows that the ptrteiitage expansions of the n axt s are considerably 
largei than the corresponding ones of the 6 axes The averagt of tin figures in 
file last (ohimn of tin tabic gives 


(AJ\U ---- ^ ± <> 

In order to gtt sufhcicntly accurate data for the thange m length of tlu c 
axis it was found netcHsarj to adopt the usual method for mounting the powder 
samples in which the substances are spread into thin layers on flat glass surfaces 
The photographs obtained with the glass tube samples did as a rule show the 
long spaemgs corresponding to the c axes, but the definition of the lines was 
not good enough to allow measurements of small changes The photographs 
obtained from thest tliin layeis show very sharp lines and changes of the 
ortit r of I pel ( ( nt could have been detected in the distance of two symmetrical 
rt flet tions on tlu films 

The photograpliH showed no appreciable displacement of the long spacing 
reflections when taken at different temperatures In other words the expan- 
sion of the c axis was found to be much smaller than that of the a or 6 axes , 
and not to exceetl one-tenth of the expansion of the a axis A reproduction 
of a photograph which shows this very clearly is given at the end of this paper 
The figures obtained in this section will l)e discussed later on 
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I] The Struct laal Chaiu/es with Temjs ratiin 

This second section deals with the diacoutmuoiis changes in the stnutures 
which take place when some of the substances are subjected to temperature 
alterations The fact that such changes can easily be detected by X ray 
methods has been allow n in an earlier inyi stigation on the paraffins * It was 
noted that thcsi changes wm roycrsible Eath of the two crystalline forms 
which the substanc es c ould assume wen stable ovi r a ci rtain lange of tempera 
tures and the substance could he made to change from one form into th< other 
by altering the tempciatuie 

In this siction of the paper an attempt is made to follow up tin earlier 
inyestigatioii by a more detailed study of the phenomena The substances 
which are dealt with in this section range fiom ('5II12 pint me to fhoHm 
tnacontaiK 

The lowei membcis of the senes being li(|uids at room temperature had to 
be kept frozen during the X ray exposure These samples were kept in those 
thin walled glass tubes mentioned at the beginning The higlu r memliers of 
the senes weu eithei used m thi same way or in the form of thin layers on 
glass 

The following table giyes the data for till long spacings,’ ii those spaemgs 
which depend essentially upon the length of the carbon i ham m each individual 
substanci 

Table III 

y VI n ninnix r» 

N 

rf, ,! 

« - ‘ 8 55 

8 — I 11 O 

10 - U 4 

l« — 20 9 

13 : 25 1 21 J 

20 1 27 4 25 4 

24 I 32 fl 1 — 

26 I 35 2 — 

10 40 0 I - 

i 

The fagures of Table III are plotted 111 hg I 



‘ J Chem Soc vol 127 p 500 (1925) 
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The spacmga dj and are plotted against the number N of carbon atoms m 
the chains Above N = 20 the spacmgs of both the odd and the even numbered 
substances he within the limits of experimental error on one straight line AA 
The mcrease of the spacing per carbon atom is 1 25 A U In the neighbour- 
hood of N = 20 the odd and even numbered substances begin to differ in their 
behaviour From both r 2 oH 4 i and OisHjs two sets of spacmgs can bo obtained 
If the substances are kept near their melting points longei spacmgs appear 
which he on AA At lower temperatures another set appi ars, and the spacmgs 
now lie on the hne BB Further cooling no longer produces any change and 
the two spacmgs still persist at liquid air tcmperatuie gives only one 

spacing on the lower line, and the same thing is for the still lower members of 
the even senes down to CeH^^ The odd members of the senes behave in a 
different way gives only one spai ing and no change is found when the 

substance is cooled down to hquid air temperature The spacing of CigH^Q 
hes on the upper line AA The same holds for Oiy, ('15 and On At CgHoo a 
change takes place, and the long spacmgs of the members of the odd series 
from N — 9 downwards approach the straight hne BB This is so far as the 
long spacmgs are concerned The structural changes which both Cjo and Cig 
can undergo are shown not only by the appearance of the two sets of long 
spacmgs but also m the general appearance of the powder photographs 
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I'artictilarly when “ glass tube samples ” are used the two structures give quite 
different patterns on the photographs Those on which the longer spaoinga 
appear show the features charactenatic of the normal form, and similarly, 
those on which the shorter spaomgs appear are almost mdistmguishable from 
each other except for the long spacmg hues This second characteristio 
pattern is not only found with CzoHij and CigHgg but also with lower members 
of the even series and can be traced down to CgHig Structures which show 
this second characteristic pattern will from now on bo called “ second form ” 
m contradistmction to the “ normal form ” Reproductions showing the 
difference between the two patterns will be found at the end of this paper 
The three strongest lines of the second structure have the spacings t %, 
1 79, 3 68 A U (CioHia at room temperature) 

With regard to the appearance of the second form it may be mentioned that 
on rare occasions faint traces were found on photographs of of a line 

which did not belong to the normal structure This hue coincided witli the 
strongest line of the second form It is therefore not unlikely that traces of 
the second form may coexist with the normal form The writer has not Ixen 
able to hnd the exact conditions under whu li this phenomenon occurs 
An attempt was further made to explore the finer details of the changes in 
thi crystal structure m the immediate neighbourhood of the melting point 
A very hne pencil of X-rays had to be used for getting a cleat separation of the 
lines and the temperatures had to be changed in small steps A sample was 
first completely melted The photograph obtained at this stage was the well 
known broad ring characteristic of the liquid state The temperature was 
then lowered a very little The X rays beam was made to stnke the spot 
where the solid and the liquid phase met The photograph obtained under 
thi se circumstances was rather striking The broad ring had vanished and a 
verv well-dehned sharp ring appeared wluch had the appear ince of a normal 
crystal reflection The striking fact was that no other reflection of anytlung 
like the same order of intensity could be found on the photographs At a 
slightly lower temperature more lines appeared, but this hne remained without 
showmg any appreciable change in defimtion or position, and was found to 
coincide with the 110 reflection of the normal structure The various stages 
through which tbe structures went are shown m the reproductions The 
sharp single reflection was found to appear with both even and odd numbered 
substances 
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Ihicuitston 

The data m the first part of this paper show that the hydrocarbons are 
strongly anisotropic The average coefficient of expansion between the temjiera 
ture of liquid air and the melting points of all the substances investigated is 
h 8 per cent in the direction of the a axes and I 9 per cent for the b axes 
The average ratio of the two is 1 5 ± 0 35, i c , the coefficient of expansion of 
the a axis is about three to four times as large as the one of the b axis Com 
pared with these expansions of the two axes in the basal plane the expansion 
in the direction of the third long axis of the higher nnmbeis of the scries 
iscerv small In the photograph which is 
shown at the < nel of the papei theie is no 
displacement deteetabh in the long spacing 
reflections at liejuid air tenipeiature and at 
room temi>erature This photogiaph was 
obtained from Cn,H 4 o The above facts arc 
illustrated in fig 2 

In this diagram is shown a ^ig rag line 
indicating the position of the chain molecules 
111 the unit cell The distances and arrange 
ment of the chains in the custals and the 
structure of the chain itself have been 
discussed in detail in the previous paper on 
f’zoHoo (loc nt ) 

The expansion data show that the chain 
axes move apart from each otlier as the 
j-jQ 2 temperature increases t e , tlu distance 

AA' becomes larger when the crystal is 
heated The expansion of the length of the c axis depends upon two 

factors One is the moving apart of the end groups, t e , the increase of BB' 
with temperature The second is the expansion of the chain molecule itself 
The expansion or possible contraction of BB' is unlikely to differ m magmtude 
from the lateral change m distance of the chain axes If, therefore, it is found 
that the total expansion of the c axis is negbgible compared with this lateral 
expansion, the conclusion is that the molecule itself has a negbgible expansion 
in the direction of its axis This simply indicates that the forces which hold 
the atoms together m the molecule are different m magnitude from those which 
keep the molecules apart from each other The chemical conception of the 
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entity of the molecule i<j thus confirmed for the solid state This in itself is 
not surprismx, but the fact that the investigation is now brought within thi 
range of numerical treatment opens interestuig possibilities By increasing 
the accuracy of the measurements it will imdonbtidlv be feasible to obtain 
thi expansion of the chain itself and so to 
compare the intramolecular with the inter- 
inolecular cohision 

The expansion ratio I 5 of the a and b axis 
tonhrms what lias been foiinil in the structure 
inv» stigation of the paraffins, namelv, that the 
tliaiii molecule has no ladial svmmetry about 
the ( liiun axis 

It IS interesting to see how tin distaiuc of iieaiest approaih of two adjacint 
chain axes altc rs win n the tempciature is r used This dist-aiu e 1> is show n in 
hg I 

T ike the nuasurtnu nts foi CjuH.o which melts at 31° (' 



TcinpcratuK . 1) 

I A U 

Lupud uir ! 4 55 

Room t< niperature ' I ■) 

Near f Solid | 1 0 

III* Iting point \ Molten j 1 n 


The last figure refers to the substance in the Inpiid state when the temperature 
IS not far from the melting point The X-rav reflection on the photograph 
IS a broad ring, and the spacing corresponding to this ring cannot be calculated 
w'lth the same degree of accuracy as those which appear when tin substance is 
in the solid state It seems, however, that the re is no appreciable discontinuitj 
m the hgures By measuring the width of the ring it is therefore possible to 
get an approximate measure of the distance of nearest approach of the chain 
axes when the substance is a liquid 

Kings of this nature have been obtained by several investigators , the interest 
of the above figures hes in the fact that they suggest a more definite inter- 
pretation of the sigmhcance of this ring than has been obtained hitherto 

A few words may be said about the rather unexpected phenomenon of the 
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single sharp reflection which appeared when the substances were investigated 
in the immediate proximity of the melting pomt The phenomenon will 
have to be studied m more detail before a defemte explanation can be given 
It 18 perhaps not out of place, however, to discuss the subject to some extent 
The first of the following diagrams represents a cross-section through the 
unit cell of a normal ” paraffin crystal The chain axes, which are supposed 
to stand perpendicular to the plane of the paper, mtersect this plane in points 
which are surrounded by small elhpses in the drawing These elhpses represent 
the cross-sections through the chain molecules There are two sets of these 
ellipses present , their major axes are placed synimetiicall}' with regard to the 
a axis of the crystal The positions of the molecules indicated in fig 4 have 
to be regarded as average positions at a given temperature 



Fio 4 


Apait from a change in proportions the above arrangement is found to 
exist until the temperature reaches very nearly the milting pomt 

At this juncture the arrangiment of the molecules in the crystal sums to 
alter The X-ray photographs change their appearance The 200 reflection 
becomes very faint compared with 110 hne, and seems to disppear completely 
when the photograph is taken at a shghtly higher teinperature Yet the 
110 hne does not alter appreciably m sharpness and onl;y disappears when the 
substance turns mto the liquid state The broad ring which then appears 
has 4 distinctly different spacing, 4 6 A U corapaied with 4 2 A U of the 
110 reflc'ction 

A photograph with a single sharp reflection would be obtained from a layer 
structure, i c , from an anangement in which groups of molecules are placed 
in equidistant layers Each group would have to contain a sufliciently large 
number of molecules to give sharp reflections The groups themselves taken 
as a whole could be oriented at random The question anses as to whether 
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the normal structure can he transformed into a layer structure in a simple 
way This seems to be so The oscillations of the molecules round their 
cham axes, one possible mode of thermal agitation, must increase as the 
temperature rises These oscillations may become so strong that some of 
the first set of molecules turn into positions occupied by the other set, and 
vice versa The step fiom such an arrangenumt to one where groups of 
molecules are airanged in layers is then easily made Tins is illustrated in 
fig 5 


r ^ 

f > 

r — ^ 




U ^ 


u_ , 






/ 


Fiq 5 

Without the knowledge of the nature of the intermoh t ulai forces it is 
obyiously impossible to sec why just this layer arrangement should haye a 
ccitain stabihtj Further investigation will show whether the explanation 
of this sharp single line is correct If this is so, then observations taken in 
the neighbourhood of the melting points are of paiticular interest, for the} 
are likely to reyeal the strongest bonds between the molecules 

The following part of the discussion will deal with the abrupt changes in 
the structures of some of the paraflins The essential facts haye alreadv 
been given m an carher part of this paper The experiments show that there 
18 a marked difference in the behaviour of the odd and even numbered sub- 
stances This general observation is hardly surprising, for it has been shown 
in a previous note* that such differences may almost be regarded as geometrical 
consequences of the zig zag chain structure The interest lies in the manner 
m which these differences reveal themselves A qualitative explanation can 
easily be found 

Supposing first we deal with paraffan crystals which contain very long chains. 
The influence of the groups at the ends of these chains upon their mutual 
arrangement must then be very small, and the chains will arrange themselves 
in their own typical fashion Both odd and even numbered substances will 
practically have the same structure, as is shown in the case of the paraffins 
which have more than 20 carbon atoms But supposing the chains become 
* ‘ Roy Soc Proo A, vol 124, p 317 (1929) 
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Rhort<“r The discontinuity m the structure of the oliains at their ends, or in 
other words the end gioups, will then increase their relative influence At a 
itrtain chain length they may become preponderant and a (omplete changi 
m the crystal structure may b» tin lesult It is lure that w« t \pect to see a 
difference in the beha\iour of the odd and the even niimliered substances 
The orientation of th« cn<l gioups relative to lath other being different in the 
off and the (vtii series there is no leasoii why these groups should act alike 
This IS what actually happens The change of the structuie in the even series 
occurs in tin neighbourhood of N — 20 in the odd scuts between N ~ 9 and 
N 11 

Tli( fact that i small tc nipc ratine e hange is capable of disturbing the balane e 
of the intern il forces is worth noticing It is lure that an external electric 
or magnetic held ina\ have the powei of iiiflueneiiig this balance in a siniilai 
wav 

A piobhni the complete solution of whieh has been postponed is the deter 
mmation of the atructuic of the second form The powder photographs suggest 
that the cross section of the unit cell of this foim is no longer rectangular 
From the three strongest leflections .i cioss section can he calculated The 
result IS shown in hg (» in c orre c t proportions 



‘•nil. c.f I A u 

Fio (5 

The tigiire in full lines lepnscnts the c loss-sectioii of the normal structure 
The hgure m dotted lines refers to the other The transformation of the normal 
section into the second one is easily obtained by a small distortion It is, 
however, not unlikely that the base of the second form is a multiple of that 
which corresponds to the troas section in the diagram In this case the mole 
cules of second structure would have to be onented m alternate chreotions 
The figures given m Table III show that the long spaemgs of the second fonn 
are shorter than the corresponding spacings of the normal form The reason 
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for this may either be a shortening of the molecule itself which would involve 
an alteration of the chain structure, or it may be a tilt of the normal chain 
relative to the base of the unit cell, or it may be the result of a re arrangement 
of the end groups accompanied by a contraction in the direction of the chain 
axes, or, of course, a combination of these changes A change in the chain 
structure itself is, however, not likely to occur A further investigation will 
decide which of the explanatioas is the correct one 

Sunnna) y 

1 The structures of a number of normal paraffins ranging from (' 5 H, 2 
to CsoHfl!! have bci 11 inv< stigated by means of X-rays at liquid air temiieratun 
room temperature, and m the neighbourhood of the melting points 

2 It IS observed that the higher members of the paraffin series crjstallisc 
in the so-( ailed normal form which has been desiribed in an earlier papn 
iiuspectivi whether their carbon contint is an even or an odd number This 
normal form is found to be stable between the melting points and liquid air 
t( mpe ratun 

1 The linear expansion within these temperature hmits has been investigated, 
and it IS shown that the coefficient of expansion of the a axis is three to four 
times larger than the one of the b axes The coefficient of expansion of the 
< axes IS vciv much smaller than the one of either then or the 6 axes It was, 
1 ri fact, too small to be measured in the present experiments 

4 Differences in the behaviour of the even and the odd mi mbers begin to 

show when the carbon content of the substances decreases C 20 H 4 J and CmHag"' 
both exist m two alternative structures Within a small range of temperatures 
near the melting points the normal form is found to be stable for either sub- 
stance At lower temperatures a second crjstal structure appears The 
change from one form into the other is reversible for and CigH^ 

The change from the normal form into another one occurs ilso m the senes of 
the odd members The transition takes place between CnHj* and CgHjo 

5 Observations taken in the immediate neighbourhood of the melting point 
indicate that these substances tend to form layer structures 

b The conclusions drawn from the experiments are given m the last section 
of the paper 

The wnter wishes to express his best thanks to Sir William Bragg for the 
friendly interest which he has taken in tins work, also to Dr II 8 Gilchrist 

• Not< added in proof— The missing has been investigated by the writer since 

this paper was sent in C„ behaves like Cj* anil C,j, » e it shows the two forma 
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and Mr E L Holmes for their unfailing and enthusiastic help He feels 
also much obhged to the managers of the Royal Institution for the opportunities 
given to him for carrying out this work at the Davy-Paraday Laboratory 

EXPLANATION OF PLATES 6, 0 

Die \ ray photgraphs 1-0 and 0-16 in the table are taken with “ glacis tube ” samples 
<if iionnalparaf&ns Radiation copper rays and Ni filler Film radius, 3 79 oma ( I mm 
1710) Reproduction natural size 
No 1 room temperature 

No 2 0„H^ room temperature 

Nil) 3 CjjHso liquid ail temperature 
No 4 CjjHa, room tomi>erature neat molting pomt 
No 5 hquid air temperature 

No 9 CnH«o hquid 
No 10 Cj.IIjo near melting point 
No 11 OjoRii near melting pouit (normal form) 

No 12 CjoH,, second form 
No 13 hquid air temperature 

No 14 liquid air temperature 

No 16 CjHjj hquid air temperature 

No fi Cj»H 4(, same distance and radiation ns before, but substance spread into thin 
layer on glass Top, liquid air temperature bottom, room temperature 
No 7 Enlargement of No 6 

No 8 Photograph taken on plate at 16 00 ems distance Ckipper radiation Top , 
room temperature middle, Ck»Hu second form , bottom 
normal form Substanoes spread into layer on glass plate (by melting) 
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The Behaviour of a Single Crystal of Antimony subjected to 
Alternating Torsional Stresses 

By H J Gough M B E , D Sc , Ph D , and H L Cox, B A , National Phyaical 
Laboratory 

((’oinmumcated by Sir Thomas Stanton, F R S -lt»c»>ived January 15, 1930 ) 

[PUATBa 7-11 ] 

Previous experiments on the failure bv fatigue of single crystals of alumuimm, 
iron and ismo, repiesentuig the face-centred cubic, the body-centred cubic, and 
the close packed hexagonal lattices, respectively, have shown that failure of 
metallic single crystals tends to occur by sbp on the plane of greatest atonuc 
density in the direction of greatest (linear) atomic density The results obtained 
with iron seemed to indicate that of the two factors, the hnear density is the 
mori important In all three lattices, however, the hne of greatest density 
lay m the plane of greatest density, so that slip m the direction of the line of 
greatest density could always occur on the plane of greatest density and 
definite differentiation between the two factors was not possible The structure 
of antimony (and also of bismuth), however, is such that the planes of maximum 
density do not contain any of the hnes of maximum density, so that if the 
type of the sbp plane were determmed, defimte evidence of the relative impor- 
tance of the two factors would be obtained The present experiment was 
designed to yield this evidence , but m so far as the results are moonclusive, 
it 18 hoped to obtain furthex evidence by a similar experiment on a single 
crystal of bismuth 

Lattice Structure — The lattice structure of antimony as deter min ed by A 
Ogg (‘ Phil Mag ,’ vol 42, p 163 (1921) ) and by James and Tiinstall (‘ Phil 
Mag vol 40, p 233 (1920) ) is a lattice of trigonal symmetry composed of 
two sumlar face-centred rhombohedral lattices, similarly orientated, displaced 
relative to each other along the longest diagonal of the rhombohedron (the axis 
of trigonal symmetry) The angle between any pair of edges of the rhombo- 
hedron IS 86° 68' and the atoms are spaced along these edges at pomts 6 18 A • 
apart The ratio of the lengths mto which the lattice points of either con- 
stituent lattice divide the long diagonals of the other lattice is given as 0 412 
0 588 by Ogg and as 0 389 0 611 by James and Tunstall For the purpose 

* A Ogg t James and TonataU give 0 20 A 

2 F 


VOL oxxvn —A 
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of the present report the exact value of this ratio is of httle importance , but 
where some value has to be inserted (e 9 , in hg 1) the value 0 4 0 6 has for 
convenience been assumed 

Fig 1 shows three views of a model of the lattice structure of antimony 



Fio 1 — Diagrammatio Repreaentation of the Structure of Antuuony Khombohedral 
Lattice (face centred) —Anglo 86® 58', Parametei 6 18 \ , with Interlaced Lattice 
duplaoed along Trigcnial Axis 


which was constructed for the purpose of the present research The model 
was made m the form of a vertical hexagonal prism, about the trigonal axis of 
symmetry as axis, truncated at the top by three planes parallel to the rhombo- 
hedral faces Fig 1 (a) shows an elevation of the model with one (horizontal) 
diagonal of a rhombohodral face m the plane of the paper , fag 1 (6) an elevation 
with a pair of rhorabohedral edges m this plane , fig 1 (c) is a plan of the model, 
the trigonal axis bemg perpendicular to the plane of the paper In all three 
diagrams the full black dots represent the atoms on the outside planes of the 
model and the open dots the atoms visible within the model , in order not to 
confuse the diagrams the internal honzontal supporting wires are omitted in 
figs 1 (a) and 1 (b) On figs 1 (o) and (6) are mdicated the traces of such 
of the principal crystallographic planes as are perpendicular to the plane of 
each diagram Figs 1 (d), (e), (/), (y), (A) and (A) show the arrangement of 
atoms on the principal crystallographic planes together with the principal 
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atomic directions contained by those planes The densities of the atoms on 
the pnncipal planes and along the pnncipal directions are also given m fig 1 

Conventions and Symbols — The lattice structure of antimony is very nearly 
cubic, and for this reason the Millenan indices of the crystallographic planes 
have been referred to the rhombohedral edges as, in the case of the cubic 
structures, they are usually referred to the cube edges , but with this notation, 
planes, winch in the cubic system would be of the same type, may in the 
present system be of different types, and, in particular, the atomic densities 
on two such planes may not be the same (cf Table I) Another important differ- 
ence between the rhombohedral and the cubic systems is that m the rhombo- 
hedral lattice the principal lines of atoms are not in general perpendicular to 
the principal atomic planes 

Fig 2 IS a stereographio projection of the lattice of antimony m which the 
long diagonal of the rhombohedron (the ams of trigonal symmetry) is taken as 
the pole of the diagram This particular mode of projection is considered to 
be preferable to any other since, besides showmg the true trigonal symmetry 
of the structure, it differentiates fairly clearly between planes of different 
atormo densities {cf Table I) Since the pnncipal Imes of atoms are not repre- 
sented by the normals to the prmcipal planes, these hnes cannot conveniently 


Fio 


\(i 



2 — Stereographio Projection of Rhombohedral Lattice Rhombohedral 
(Antimony) ■» 86“ 68'. 


Angle 


2 F 2 
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be denoted by the Millenan indices of the planes perpendicular to them , a 
supplementary notation must therefore be introduced For this purpose the 
rhombohedral lattice may be supposed to be obtamed from the cubic lattice 
by a process of extension m the direction of one of the diagonals of the cube , 
this process of extension causes the pnncipal hnes of atoms to separate from 
the normals to the pnncipal planes The prmcipal hnes of atoms might 
therefore be denoted by the indices of the planes with the normals to which 
they coalesce m the cubic structure , but these indices are already m use for 
the normals to the planes themselves These indices, therefore, when they 
refer to a Ime of atoms, are rewritten, x and x being substituted for 1 and I 
in the first place of the MiUerian form, y and y for 1 and I in the second place, 
and z and i for 1 and I in the third, all zeroes bemg disregarded , each set is 
then, for convemence, rearranged m cychcal order Thus x denotes the hne 
of intersection of the planes 010 and 001, yz the hne of intersection of the 
planes 100 and 011, etc 

In addition to the MiUenan notation, it is convement, for the purpose of 
stress analysis, etc , to denote each of the prmcipal planes and hnes by a 
separate letter, capital letters bemg used for the planes and the corresponding 
small letters for the hnes of atoms with which the normals to each plane 
coalesce in the cubic structure In Tables 1 and II, where the second column 
shows the letter chosen to represent each plane and direction, this convention 
has been adopted 

In Table I, the prmcipal planes of the antimony structure are grouped m 
classes in terms of the density of atoms on the planes, and the atomic density 
on the planes of each group is hsted together with the prmcipal hnes of atoms 
contamed by each plane 

It will be seen that the planes of highest atomic density are the Oil, lOl 
and lIO planes, and that these planes are of a different type from the planes 
Oil, 101 and 110, which have a much lower atomic density , that the plane 
next in atomic density to the Oil, lOl and lIO planes is the 111 plane, and that 
this plane is of a difierent type &om the 111, ill and 111 planes, which agam 
have a somewhat lower atomic density 

In Table II the densities of atoms along the prmcipal atomic duections are 
tabulated, together with the letters designatmg these directions The directions 
of highest (hnear) atomic density are the p, q, r directions and the next in 
Older are the I, m, n directions. 



Behaviour of a Single Crystal of Antimony 
Table I 


435 


MUlerian 

indices 

of 

Designstion 

Contained 

diraotions 

Density 
(atoms per 
lattice 
parameter)' 

Relative 

density 

111 

0 


2 43 

0 88 

Oil 

P 




loi 

q 


)■ 2 76 

1 00 

llo 

R 

o.e.n 

J 


111 

u 




111 

V 

q,n, 1 

S- 2 27 

0 82 

111 

w 


J 


100 

A 

P, 1. b, c 

1 


010 

B 


y 2 00 

0 72 

001 

C 

r, n, a, 6 

J 


oil 

L 

P> ® 

1 


101 

M 

<I.b 

y 1 45 

0 62, 

no 

N 


J 


ill 

_ 

o,p 

I 


121 



y 1 50 

0 68 

II2 

— 

o.r 

J 



Table II 


Amended 

Millenan indices 1 

j Designation 

Density 
(atoms per 
lattice parameter) 

Relative density 

xyz 

0 

1 10 (mean) 

0 76 

yi 

P 




9 

y 1 46 

1 00 



J 


X 

a 

1') 


V 

b 


0 60 

yz 

1 

h 



m 

r ^ 

0 06 

xy 


J 



Object of Expenment — From a consideration of the planar and linear stomio 
densities, as outlmed m Tables I and II, it appeared that the shp plane of 
antimony might be either the 111 plane or the planes of the Oil type Prom 
previous work on other metals there seems to bo httle doubt that the tendency 
to shp IS a fimction of the atomic density on the shp plane and of the linear 



436 


H J Gough and H L. Cox 

density in the shp direction , moreover, some recent experunents* have 
mdicated that the latter is perhaps the more important factor On these 
grounds, therefore, it might be anticipated that the lower atomic density on the 
111 plane, as compared with the density on planes of the Oil type, would be 
compensated by the higher linear density m the p, q, r directions contamed 
by the 0 plane, as compared with the Imear density in the I, m, n directions 
contamed by the P, Q, R planes 

It appeared, therefore, of pnmary importance to determine the slip plane 
and, if possible, the shp direction also 

From the results of a prehminary experiment on a specimen of antimony 
consistmg of several large crystals, it was concluded that, m antimony as in 
zinc, mechamcal twins were produced by the action of alternating torsional 
stresses, and fairly defimte evidence was obtained as to the type of the twinmng 
plane A secondary object of the mam experiment, therefore, was to check 
this conclusion both as regards the production of twins and as to the identity 
of the twinmng planes 

Chinee of Specimen and Stressing System — For these very general objects 
of research no particular orientation of specimen was more desirable than any 
other, and in any case, at the time of the mception of this experiment, one 
single crystal bar only was at the authors’ disposal 

The choice of stressmg system was at once more critical and more under the 
authors’ control Practically any type of stressing should suffice to show the 
shp plane, though if more than one shp plane were found to exist, the stressmg 
system should preferably be such as to cause shp on as many slip planes as 
possible 

Direct evidence as to the direction of slip could only be obtamed by tests m 
which marked change of shape occurred , but fairly defimte evidence can 
usually be obtained from tests m which very httle plastic deformation takes 
place by comparison of the distribution of shp with the distribution of shear 
stress resolved on the shp plane in the probable shp directions Observation 
of twins and determmation of the twinnmg planes, however, are most easily 
made on specimens in which very httle distortion has occurred 

In view of all these circumstances, altematmg torsional stresses appeared 
to be the system most generally satisfactory, and the choice was finally decided 
by the fact that speoimens for this type of test are relatively easy to maohme 

Preparation of Specimens, Oc — ^The single crystal (reference mark SI) 

* Taylor and Elam, ' Roy Soo Proo A, voL 112, p 337 (1926) , Gough, ‘ Roy Soo 
Proo ,' A, vol 118, p 498 (1928) 
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used m the present experiment was prepared from the hquid —by the Bridgman 
method- -and was f mch diameter and 7 mches in length Of this total length 
only 2 J mches was truly single crystal, the remaining portion being composed 
of several large crystals Two specimens were machined from tins bar, one 
from the single crystal portion (reference mark S IB) and the other from the 
remammg portion (reference mark S lA), both to a cylindrical form, 0 35 inch 
diameter and 0 7 inch in length with enlarged ends (joined by transition curves) 
of diameter 0 5 inch, the total length of each specimen being 2 9 inches 
Reference marks on the enlarged ends were provided for the purpose of measure- 
ment of twist Extreme care was found to tie necessary in machining these 
specimens, as tlie material tended to chip, and i ven with tlie extremely fine 
cuts that were taken (0 001 mch maximum) the position of the 111 plane was, 
after machmmg, quite well dihned by the holes left where the material at the 
edge of this plane had been (hipped awa^ , this remark apphes especially to 
the smgle crystal specimen, but the effect was noticeable also m the case of 
the other specimen 

After machmmg, the specimen S IB was etched and then X-rayed , but the 
X-ray photograph obtained showed that deeper otchmg was necessary to 
remove the layer distorted during the turning operations The specimen was 
ac< orchngly etched more deeply and then again X-rayed , but the result a as 
still not entirely satisfactory and the specimen was subjected to a further 
light pohsh and etch The X-ray photograph then obtained being deemed 
sufficiently good, the specimen was given a metallurgical pohsh prior to test 
Even aftei this continued etching and pohshing (by which the mean diameter 
was reduced to 0 34 mch), the chipping at the edges of the 111 plane was still 
very noticeable In addition, the cross section at the centre of the test portion 
was reduced to a roughly elhptical section, the maximum and minimum 
diameters bemg about 0 347 mch and 0 327 inch resjpectively , the mean 
diameter bemg 0 338 inch The surface of the specimen was thus something 
in the nature of a hyperboloid of one sheet 

Fig 3 18 a stereographic diagram showing the orientations of the principal 
crystallographic planes and directions relative to the specimen axis and to the 
reference mark on one of the enlarged ends of the specimen S IB , these 
orientations were determmed by correction of values obtained by the final 
X-ray analysis, the corrections being made on the assumption that the lattice 
structure was of the form stated by Ogg and by James and Tunstall The 
spherical co-ordinates of the principal planes and direotions are tabulated in 
Table III 
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Fio 3 — St«r»ographio Diagram showing position of prmoipal I'lanes 


Prdtmtnary TeMs on SIA — Tho specimen S lA was used as a guide botli 
as to the stresses the material was capable of supporting and as to the mode 
of deformation to be anticipated 

The specimen was placed m tho alternating torsion machine with the intention 
of subjectmg it to a range of nominal shear stress of ± 0 0 toa per square 
inch , the specimen, however, fractured dimng the process of “ loading-up ” 
when this stress was httle more than ±04 ton per square mch The fracture 
was very complete, the mam fractures being approximately parallel and per- 
pendicular to the axis of torsion , there were some distmct cases of inter- 
crystalhne failure, but in the mam the fractured surfaces appeared as cleavage 
planes, which were divided sharply mto two types Actually the fracture was 
such that the whole parallel portion was dismtegrated into three mam portions 
and numerous sphnters, although when first removed from the machine the 
pieces were more or less locked together in the manner of a jig-saw puzzle 
This complete dismtegration, however, may have been due to the “ hammermg ” 
action to which the specimen was subjected, while the machine was slowmg 
down after the real fracture had occurred 
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Examples of the appeaiance of the two distmot types of cleavage planes are 
shown m figs 10 (PI 7) and 12 (PI 7) There can be no confusion as to 
which class any true cleavage belongs, for, even to the unaided eye, the two 
types of surface are easily distinguishable, the appeaiance of a surface such as 
18 shown m fig 12 being very much bnghter than such a surface as in 
fig 10 

The straight bands apparent in fig 12 make with each other angles that 
are mdistinguishable from 60° , moreover, these bands are clearly all of the same 
type Now the only plane of antimony having this trigonal symmetry is the 
plane 0 perpendicular to the trigonal axis , the cleavage plane shown m fig 
12 and all other cleavage pianos of this type must therefore be planes of 
the type 111, quite independently of the exact nature of the straight bands 
themselves 

From the actual appearance of the straight bands it is reasonable to suppose 
that these bands represent the traces of twins on the 0 plane If this is so it 
should be possible by observation of the change of direction of one twin where 
it crosses another to deduce the identity of the twimung plane In fig 12 
the traces of one twin within another are too short to permit of very accurate 
measurement , but it may be seen that approximately such traces divide the 
angle between the directions of the two twins concerned It may be shown that 
this indicates that the twinning planes are planes of the type Oil 

Assunung that the traces observeil m fig 10 are the traces of the twin 
ning and cleavage planes, it appears that the plane of fracture is such that the 
intersections on it of two of the twinmng planes make equal and opposite 
angles with the intersection of the O plane It is easily shown that the 
necessary and suflioient condition that a plane should have this property is 
that the plane should contain one of the directions p, q, or r , and it appears 
further that on such planes the traces of the third twinning plane coincide with 
the traces of the 0 plane The absence in fig 10 of a fourth mdependent 
trace representing the third twinmng plane was regarded as fairly definite 
evidence that the plane of fracture shown was of the above type, i r , of the 
type all, lal or 11a, where a may have any value whatsover 

The prmcipal planes of this type are the 111, 110, 111 ll2 types of plane 
A oompanson of figs 12 and 10 shows that the plane of fracture in 
fig 10 18 not of the 111 type The angles between the mtersections of the 
twinning planes and the mterseotion of the O plane on the remaining planes 
are as follows on the 110 plane ± 36 0°, on the 111 plane ± 32 0°, and on 
the ll2 plane ± 33 5° The actual angles m fig 10 are almost exactly 
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rl: 36®, so that it appears that the second cleavage plane is actually the 
twinning plane 

On the surface of this specimen after test very few markings were visible, 
and, since the onentations of the prmcipal planes were not known, no 
deductions could bo made as to the planes represented by the observed traces 
It 18 sufficient, therefore, to remark that the appearance of the few marks 
observed on the surface was very similar to the appearance of the marks 
subsequentlv observed on the surface of S IB after test 

From this preliminary experiment it appeared probable that the cleavage 
plane (and hence, probably, also the slip plane) of antimony would prove to 
be the 111 plane and that twins would be formed on planes of the type Oil, 
101 and 110 It was also expected that the twinning planes would prove to 
be secondary cleavage planes 

Stras Analysts of Antinmny Single Crystal (5 IB) * 

Resolved Shear Stress — The equations to the shear stresses on the principal 
crystallographic planes resolved in the prmcipal atomic directions contamed 
by each plane were evaluated, using the co ordinates deduced from the cor- 
rected X-ray analysis The stress equationf is of the form S,/>S — A cos ( X— a) 
where 

S, = value of resolved shear stress, 

S = no min al maximum shear stress on the specimen 

X = 2T/rtf3 (T the apphed torque and r the radius of the cross section of 
the specimen), 

and where A and a are constants depending upon the onentations of the 
plane and direction considered 

In Table III the values of A and a for the particular planes and directions 
considered are tabulated, and in fig 4 the values of S,/S on some of these planes 
have been plotted against X In fig 4, as elsewhere, the capital letter repre- 
sents the plane and the snlall letter the direction of the resolved shear stress , 
this notation is in accordance with previous work 

* The Bctoal streesea upon the vanoue oryetsllographio planea muat have been to some 
extent modified by the actual shape of the test portion of the specimen , but it was not 
praotioable to make any estimate of the nature or extent of this modification In any 
case it is not considered that this modifioatioo can have been serious, so that the ordinary 
stress analysis as for a oiroulariy oylmdnoal specimen is used as a sufficiently good 
approximation. 

t See ‘ J Inst Met voL 36, pp 186-187 (1826) 
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VsJues of X* 

Fio 5 — Ctuves of Normal Btreawa on Prmoipal Planes 
Traces of Planes — The slopes of the traces of the principal planes were 
calculated and are expressed graphically m hg 6 
• £00 «< 
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Fig 6 — Slope* of Trace* of Principal Plane* 


Table 111 -Sphenoal Co-ordinates and Stress Equation Constants 
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Record of Teste on the Specimen SIB (Single Crystal), — A record of all 
the tests made on the specimen S IB is given m Table IV below The twists 
recorded are reckoned positive when anti-clockwise and m every case denote 
the twists occumng m each indimdud test 

Table IV — ^Record of Tests 


Kauge of 
nominal 
shear gtrosa 


Nnmber 

of 


Permanent timt 
ooournng 
during test 


'J reatment 
pnor to 
next test 


ton per square inuh 

i:0 I j 61,000 

LO 3 64,000 

hO 3 3 6x10* 

±0 3 17 0X10* 

Fractured completely (while loading to ±0 6 t 
±0 6 ton per square inoh 


+3 1 
+0 5 
>n per square inch) a 


After each test the surface of the specimen was carefully examined in a 
metallurgical microscope, a survey made of all visible surface markings, and 
representative photo-micrographs were taken The apparatus used both for 
the visual examinations and for obtaimng the photographic records has been 
described very fully in a previous paper (loo at ) As in previous reports, X 
represents the angle subtended by the reference plane (contaimng the axis of 
the specimen and the reference mark on one of the enlarged ends) and the 
point on the surface to which reference is made Slopes of traces of planes, 
in the pboto-nucrographs as elsewhere, are reckoned positive and negative 
m the anti clockwise and clockwise senses respectively 
Features exhibited by Microstructure of the Specimen S IB — After the first 
test (61,000 reversals of ± 0 1 ton per square inch) there were apparent on 
the surface of the specimen two mam features firstly, a series of fine straight 
fines nearly parallel to the axis of the specimen , and secondly, two senes of 
twin bands, the slopes of which varied between wide limits After the 2nd 
test (54,000 reversals of i 0 3 ton per square inch) the same features were 
observed m greater profusion, together with mdications of a third series of 
twm bands , in addition, several senes of regular marks were observed withm 
the twinned structures Pnor to the third test (3 5 x 10® reversals at ± 0 3 
ton per square inch) the specimen was repolished, and after this test the same 
features were agam apparent on the surface All three sets of twm bands were 
easily measurable, and the two sets which appeared after the first test were now 
observed at nearly every value of X, The fine straight fines were also apparent 
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over the greater part of the surface and in one or two cases were readily 
identifiable as cracks In addition, within the two mam sets of twin bands 
there were observed three mam features that corresponded exactly with the 
three mam features (i e , cracks, fine, straight Imes and twin bands) apparent 
on the untwmned portions of the specimen Prior to the fourth test (7 Ox 10® 
reversals at ± 0 1 ton per square inch) the specimen was again ropohshed , 
but the most definite of the marks previously identified as cracks were not 
rendered entirely invisible by this treatment After test, these marks were 
very carefully exaimned for any sign of extension , but m this respect, as m 
all others, the appearance of the surface of the specimen was exactly the same 
as its appearance immediately before the test, no fresh marks of any kmd 
bemg observed 

It was intended, m the fifth test, to subject the specimen to a range of stress 
of ± 0 6 ton per square inch , but dunng the process of loadmg up the speci- 
men fractured completely when the range of stress was still less than ±06 
ton per square inch Complete fracture parallel to one plane occurred m the 
teat portion and another complete fracture parallel to two planes occurred 
across one of the enlarged ends within the collar holdmg this end m the chuck 
of the testing machine The appearance of the cleavage planes was similar 
to the appearance of the cleavage planes of the specimen S lA, the plane of 
fracture m the test length bemg of the type shown m fig 10 (PI 7) and the planes 
of fracture m the enlarged end bemg one of the type shown in fig 10 and 
one of the tjqpe shown in fig 12 (PI 7) The fracture m the test length was subse- 
quently found to be parallel to the twinmng plane L, and the two fractures 
in the enlarged end w ere found to be parallel to the planes 0 and N respectively 

The surface of the specimen after fracture exhibited a few twin markings^ 
mainly m the neighbourhood of the fracture Some of the cracks previously 
observed were again apparent and further photographs were taken to compare 
with those taken before test Photographs were also taken of the several 
cleavages (figs 11 and 13 (PI 7) 

Dtsciisston of Features Exhibited by Microstructure —The slopes of the fine, 
straight hnes on the imtwinned portions of the specimen (and of the similnr 
marks later recogmsable as cracks) agreed closely with the calculated slope of 
the trace of the 111 plane (O) of the ongmal structure The observed slopes 
of the primary twm bands agreed with the calculated slopes of the traces of 
tile planes 110, 011 and 101 (N, L and M), the twins formed on the planes N 
and L being very much more numerous than those formed on the plane M 
The slopes of the fine straight lines (and of the subsequent cracks) withm the 
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twinnetl structures agreed closely with the calculated slopes of the traces of 
the 111 planes of the twinned structures The observed slopes of tlie secondary 
twin bands within the primary twins agreed with the calculated slopes of the 
traces of the planes of the type 01 1 of the particnlar twinned structure concerned 
The distribution of the pnmary featiiTCS after each test is shown in fig 7, 



Fio 7 — Diagram showing recorded values of the elopee of twin bands and other surface 
mnAing a observed within the primaiy structure of the crystaL Full circles lefer 
to twin bands , open oirLlee to fine lines or cracks. 

(a) After first test , (fc) after second test , (c) after third test 
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m which the readings of the slopes of the fine lines and of the twin bands are 
recorded as open and closed dots respectively, upon curves representmg the 
calculated traces of the planes O, L, M and N , the small experimental errors 
have been neglected m prepanng these diagrams 

The distribution of the secondary features after the third test is shown m a 
similar manner in fig 9 This distribution was not sufficiently systematic 
to be of much theoretical interest , naturally it is largely dependent upon the 
distribution of the primary twm bands 

Traces of the Plane 0 - -The hne, straight lines observed m all the testa were 
identified beyond all doubt as traces of the 111 plane of the original structure 
Their distribution, particularly in the earher testa {cf fig 7 (a) ), was roughly 
in accordance with the expected distnbution of shp bands deducible from the 
shear stress analysis (fig 4) Thus m fig 7 (a) which represents the marks 
observed after the first test, it will be seen that the fine hnes were centred 
about X = 25® and X = 205®, while from fig 4 it will be seen that the pomts 
of maximum resolved shear were at X — 3® and X = 183® The agreement is 
not sufficiently good to provide definite evidence as to the mode of formation 
of these fine fines , but by analogy with previous work it seems probable that 
they are formed as a result of the shear stresses resolved on the 0 plane m the 
p, q and r directions This hypothesis is supported by the results of all the 
tests m that, in each case, there are gaps centred about X = 93° and X — 273° 
correspondmg to the mimma of the resolved sheur stress curves 

The fine hnes, however, had not the appearance of slip bands , rather, they 
appeared as very fine cracks without the contmuity and regulanty of spacing 
usually associated with true shp The characteristic appearance of the hnes 
IS illustrated by fig 15 (PI 8) In the third test some of these lines 
developed mto cracks that were easily recogmsable as such, and it is not un- 
reasonable to suggest that the hnes observed m the earher tests may also have 
been cracks, though they were not directly identifiable as such If this were 
the case, we have in antimony a matenal m which shp apparently does not 
occur, and the mode of failure under static stressing would seem to be of con- 
siderable mterest 

Tmn Bands — The presence of twin bands in the surface of the specimen was 
made apparent by a difierence in lustre (under normal hghtmg) and/or by the 
presence of regular marks withm the twins Where the difference in lustre was 
shght and the marks within the twin faint, the twm bands were often difficult 
to see , but m these cases the twins could often be made more apparent by 
bemg thrown out of focus 
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The twin bands observed were definitely identified as the traces of the N, 
L and M planes In the initial test, twins on the N and L planes only were 
observed, and m the final tests the twins on these planes were very much more 
numerous than the twins on the M plane thus from fig 7 (c) it will be seen 
that after the third test (3 5 X 10® reversals at ±03 ton per sq inch) 
twnns on the planes N and L were observed at practically every value of X, 
whereas twins on the plane M were observed only in the ranges X = 0“ to 
40° and X = 180° to 210° Now, of the three possible twinning planes, the 
plane M alone contains the direction, which, according to shear stress con- 
siderations, should be the direction of deformation on the 1 1 1 plane 

In a previous paper* op the deformation of a single crystal of zinc, the authors 
recorded the fact that of the six possible twinning planes (of zinc) the actual 
planes of formation of twins at any point never included the pair that contained 
the slip direction at that point , this fact has since been confirmed in the case 
of /me bv the results of further experiments 

The predominance of N and L twms over M twins in the present experiment 
may be regarded as another example of the same phenomenon, although the 
evidence is not considcri d to be conclusive In view however, of the suggestion 
made in the previous paperf as to the possible effect of the normal stresses 
on the twinning planes, it should be noticed that the maximum normal 
stress on the plane M was very much lower than the maximum normal stress 
on either of the planes N or L , but it should also be remarked that, while 
at X — 72° (and 252°) (</ fig 5) the normal stresses on all three twiiming planes 
were practically equal, no traces of M twins were observed at either of those 
vilues of X, thoiigli both N and b twins were recorded J 

Of the N and L twins the former were slightly more numerous, and m the 
regions X — 50° to 90° and X 230° to 270', twins on the plane L were very 
few indeed If, in accoidance with the deductions drawn from the experi- 
ments on /me, twinning is a direct icsult of deformation on the cleavage (or 
slip) plane, no twins would be expected to be formed in regions where deforma- 
tion on the cleavage plane was not evidenced by the presence of the fine 
straight Imes Thus, referring to the examination after the third test (fig 7 (c) ) 
it seems that twins would not have been expected to appear in the neighbour- 
hood of X = 90° and X ~ 270° (corresponding approximately also to the 
• ‘ Roy Soo Proc A, vol 123, p 143 (1929) 
t hoc Cit 

{ At these values of X the traces of the N and L planes have the same slope (hg 6) 
One typo of twin could, however be distinguished from the other bv the sense of the 
change of slope ououmng in the field of the microscope 
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points of minimum resolved shear stress on the 111 plane) That twins do 
appear m these regions may bo due to the “ overrunmng ” effect proposed in 
the case of zinc,* and the predommance of N twins over L twins in these 
regions may be caused by some factor iffccting the relative tendencies of each 
tj pe of twin to overrun 

It IS therefore suggested that the phenomena of mechamcal production of 
twins, as observed in the present experiment, are in many ways analogous to 
similar phi nomi ua observed in the i ase of zine , and that the hypothesis 
proposed to account for om set of phenomena will, reasonably, account also 
for the other set 

The present experiment defimtely confirms the con<jlusions drawn from the 
results of the previous experiment (on the specimen S lA) as to the type of 
the twinnmg planes, and it is regaided as established that the twinning planes 
of antimony are of the 1 10 type 

i^trwJurc within tht Tuin Perhaps the most interesting feature of the 
present expi nment is the wealth of detail observable within the primary twin 
hands Not only fine lines and cracks (corresponding to the fine bnes and 
tracks on the onginal structure), but secondary twin bands also, wore observed 
within the primary twins , and tht correlation of the directions of these 
secondary lines and bands with the theoretical directions of the cleavage and 
twinnmg planes within the twins yielded valuable corroborative evidence as 
to the types of the planes on which these deformations occur 

Before entering upon the discussion of the marks observed within the twins 
it IS necessary to extend the notation already described to include the crystallo- 
graphic planes and directions belonging to the twinned structure 

This IS convemently done by denoting each plane and direction of thi 
twinned structure by the same letter as was used to denote the corresponding 
plane or direction of the original structure and adding as a suffix the letter 
denoting the primary twinning plane Thus O, denotes the 111 plane of the 
structure twinned on the plane L, M, the 101 plane of the structure twinned 
on the plane N, etc It should be noticed that by this convention each 
twinned structure is a mirror imago of the original strui tun m the particular 
twiniung plane concerned, and, as a result, the sense of the structure (or rather 
of the notation) is reversed 

Fig 8 18 a steicographic diagram of the structun of a single crystal of 
antimony (with the tngonal avis as jxile) and of the three structures formed by 
twinhing on the planes L, M, N of the original strui turc The conventions 
* Loo rit 
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After the first test (51, (MM) reversals of ± <1 1 per si^uare inch) the twins 
observed on the surface of the specimen did not contain any internal marks 
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After the second test (54,000 reversals of ± 0 3 ton per square inch) the 
majority of the twins still lacked internal detail, but, at various points, there 
were observed within the twins fine hues very similar in appearance to the fine 
lines observed in the original structure, although shorter and less defimte in 
direction The appearance of the twins in a typical region is shown in fig 14 
(PI 8), while fig 16 (PI 8) shows their appearance where no internal marks 
were observed In fig 14 the twins shown arc formed on the plane N 
and the agreement of their directions with the calculated slopes of the trace of 
this plane is evident but, in addition, it is clear that the fine lines within 
these twins agree in direction with the slopes of the trace of the 111 plane of 
the twinned structure It was concluded therefore, that these fine lines 
were exactly analogous to the fine lines observed m the original structure 

After the third test ( 1 5 X 10* reversals of ± 0 3 ton per square inch) the 
above conclusion as to the nature of the fine lines within the twins was fully 
tonfirmed , figs 18, 19, 20, 20 and 28 (Plates 9, 11) afford ample proof of the 
identity of the fine lines and cracks within the twins with the traces of 
the 0 planes of the twmned structures In one or two cases, however, the 

lints ” tended to follow the direction of the twins themselves (this effect 
18 shown m figs 22 and 21 PI 10) , but m these cases the lines were definitely 
recognisable as cracks 

At this stage there were also observed within the primary twins, secondary 
twin bands that were found to agree m slope with the traies of the twinning 
planes of the twinned structure This agreement is illustrated in figs 17 (PI 8), 
18 and 21 (PI 9) (Fig 21 also serves to illustrate a number of twins of 
the type M, which were observed only in this and m the complemeiitarj 
region ) 

In one or two photographs, particularly in fig 2b (PI 11), small portions of the 
fane hnes may be observed parallel to the trace of the O*. plane In the region 
of fig 26 (X = 31°) M twins were actually recorded , but even where no M 
twins were observed there are very short traces parallel to the 0„ plane 
These latter may have been due either to the presence of small M twins in the 
origmal structure, or more probably to the production of small twins on this 
plane by the stresses set up m the neighbourhood of the origmal fine bncs 

Cracks — In addition to the fine lines that were observed on the surface of 
the specimen after every test, there were apparent after the third test 
(3 5 X 10® reversals of ± 0 3 ton per square inch) a number of defimte cracks 
following several fairly well-defined dueotions, bemg parallel either to the traces 
of the 0 plane or to the traces of the twmmng planes either of the original or 



Behaviour of a Single Crystal of Antimony 451 

of one of the twinned structures In fig 28 (PI 11) a crack is shown which 
follows the directions 0 of the original structure and the directions Oj, 0„ and 0„ 
of the structures ta inned on the plane L, M and N respectively The strong 
resemblance in everything but in size between the mam track and the fine Imes 
surrounding it tends to show that the fine lines are themselves small cracks 

Two cracks are shown in figs 22 and 24 (PI 10) where the mam direction- 
are parallel to the traces of the O and N planes Both photographs are 
particularly interesting m that the cracks shown were not obliterated by the 
repolishmg of the specimen prior to the fourth teat After this test (7 0 X lO** 
reversals of ± 0 J ton per square inch) these cracks were again photographed 
as nearly as possible m the same position These photographs are repro- 
duced m figs 23 and 25 (PI 10), and by comparison with figs 22 and 21 
(PI 10) it will be seen that the changes m appearance wore negligible A 
comparison of fig 25 with fig 24 affords a decisive test of the similantv 
of the cracks before and after the fourth Pst In hg 24 the <nd of that 
portion of the crack which follows the direction of the N twin can be dis- 
tinguished fairly clearly about 1 5 ems from the kink in the middle 
of the photograph , m fig 25 this same end can jiist be seen at the same 
distance from the kmk These two photographs, therefore, provide definite 
evidence that the cracks formed during 3 5 X 10* reversals of a range 
of stress of ± 0 3 ton per square inch, did not extend dunng a further 
7 0x10* reversals of the same range of stress , this is remarkable m view of 
the extreme “ fine-ness ratio ’ of the crack and of the brittle ” nature of 
the material 

After the fifth test in which complete fracture occurred these two cracks 
were again examined, and it was found that they had just ]omed Sufficient 
photographs were taken to make a panorama of the comph te crack , this 
panorama served also to illustrate the mam directions followed by all the 
cracks both m the original and m the twinned structures 

Dtstnbution of Cracks — The distribution of sueh recogmsable cracks as 
were mainly parallel to the O plane was roughly in accordance with the 
distnbution of resolved shear streas , thus the crack shown m figs 2 f 
and 25 occurred at X = 32° On the other hand, the cracks whuh followed 
in the mam the edges of the- twins could not be expecterl to bear any 
relation to the resolved shear stresses and appeared to lx> independent of them 
It appears probable that the intensity of normal stress on the twmnmg planes 
would affect the propagation of cracks along the edges of the twins 

Final Fracture — Final fracture m the tost portion occurred completely 
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ucross the Bpocunen parallel to the L plane , a small portion at the vertex of 
the ellipse thus formed also broke away from the remainder of the specimen 
parallel to the N plane The surfaces of the fractures were not absolutely 
plain, but appeared to bo “stepped’ h'lgs 27 and 29 (PI 11) show two 
views of the edge of the fracture m the test portion From these it can 
bf st'en that the fracture as a whole follow id the L direction , but in crossing 
.m N twin tended to follow either the L„ or the direction At other points 
tlie edge of the fractun. while still following the h {or N) direction was 
splintered ’’ parallel to the 0 plane and the edge of the fraiture was thus 
icndeied very irregulai The apparent stepping of tlie plane of fracture 
ippearod also to be due to “ splintering ’ parallel to the O plane, and this 
splintering ’’ was in such a direction as to increase the inclination of tlu 
plane of fracture to the axis of the specimen 

( V( avage'i — Photographs were also taken of tlic c h avagi faces after fractuic 
and two of these arc n produced in the present icport, figs 11 and 1 1 (PI 7) 

A (omparisou of these photographs with hgs 10 and 12 (PI 7) show that 
lli( deductions drawn from the results of the prcliminarv experiment on th< 
‘'pKimen S lA wire fulK justified 

Sinnniaiy of Resulh of Expinmciits 

1 The specunc n did not deform b> ‘ shp and no shp bands wen observed 
A number of “ fine lines ’’ or cracks were, however, observed which corresponded 
to the traces of planes perpendicular to the axis of trigonal symmetry , this 
jilanc, while not of the maximum atomic density, doi’s contain the three 
pimcipal lines of atoms, and hence might bo expected to act as slip plane 

2 The twiiming planes of antimony have been identifaed as of the Oil t>pe 
(making an angle of 52” 37' with the axis of trigonal symmetry) , twins were 
observed on all thn c planes (Oil, 101 and 110) of this type 

3 The ‘ mirror imagt ’ nature of the structure within the primary twin 
bands was established bv observation of secondar> twins and other markings 
within the bands 

t The cracks and fracture faces followed, in general, well-defined crystallo- 
graphic planes The first cracks observed coincided with the traces of the 
1 1 1 plane of the original structure or of the twinned structures, although some 
of the larger cracks tended to ( xtend along the edges of the twins themselves 
Final fracture, however occurred by complete cleavage parallel to one of the 
twinmng planes with a small secondary cleavage parallel to another twinning 
plane 
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6 Owing to the fact that no definite slip hands were observed, the nature of 
the dependence of shp on the maximum linear and planar atomic densities 
could not be investigated It is hoped, however, to repeat the experiment on 
a single crystal of bismuth, which is believed to be much more plastic 

The experiment is an item of a general programme of research performed 
for the Engmeenng Research Board of the Department of Scientific and 
Industnal Research and the Aeronautical Research Committee the authors’ 
thanks are due to tin se bodies for the rcseauh facilities afforded and for per- 
mission to publish the results 

The crystal of antimony used in the pres* nt < xpeiimcnt was prepared b\ 
Mr V H Stott, M Sc , of the Metallurgy Department of the N P L , and was 
etched and polished in the same department under tlie ilirection of Mr J D 
Grogan, B A , the X-ray analyses were carried out in the Phvsics Department 
of till N P L by Mr I Backhurst, M Sc The present authors wish to express 
their indebtedness to Mr Stott, to Mr Grogan and to Mi Backhurst for their 
invaluable assistance in these directions 


Further Experinu nti on the Behaviour of Single Crystals of Zinc 
sul^ected to Alternating Torsional Stresses 
By H T Gouen M B K D 8c , and H L Cox, B \ 
(Communicated b> 8ir Thom is Stanton, F R 8 Rtcened Tamiary 15, 1910 ) 
[PcATfcs 12-16] 

Object of Experiment From the risults of a previous experiment"' on a 
smglc crystal of zme, it was concluded that the formation of twins in zme 
occurred on planes of the 10i2 type and that the particular operative twinmng 
plane (of the six available) was determined chiefly by the direition of shp 
on the originalf basal plane and possibly, to some extent, by the relative 
magnitudes of the normal stresses on the possible twinning planes In 
this previous expenment the orientation of the crystal was such that shp 
on the original basal plane occurred in one direction only and one pair of 
complementary twins only was observed 
From the results it was predicted that if a test were made on a crystal of 
‘ Roy Soo Proo A, vol 123, pp 143-187 (1929) 
t Aisooiated with the initial struoture of the unstrewed crystal 
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suitable relative orientation of the crystallographic and straining axes such 
that all three sUpdirectiona became operative, then the operative twinning planes 
should change with the shp direction The present experiment was planned 
in order to test this prediction Again, in the previous expenment, of 
the two possible pairs of complementary twmmng planes associated with 
any one slip direction, it appeared probable that the choice of the operative 
pair was influenced by considerations of normal stress on the twinning plane 
The present expenment would, it was hoped, throw further light on this 
aspect of twinning 

For the purpose of such a critical experiment the optimum orientation would 
have been that in which the basal plane was perpendicular to the oxis of 
torsion , all three slip directions would then have been t quail y involved The 
zmc single crystal bars at our disposal were therefore subjected to preliminary 
X-ray analysis with the object of determining the bar, the onentation of which 
was nearest to the required orientation 

One bar, reference mark Z5, was found in which the normal to the basal 
plane made an angle of about 15° with the axis of the bar Three specimens, 
reference marks Z5A, Z5B and Z5C, were therefore machined from this bar 

Preparation of Specimens, etc ~ The single crystal bar used in this expenment 
was prepared from the liquid- by the Bridgman method and was | inch 
diameter and 10 inches in length The X-ray photograph taken at this stage 
revealed clearly-defined reflections free from “ astensm ” effects The first 
specimen, reference mark Z5A, machined from this bar was of a cyhndrical 
form 0 36-inch diameter and 0 75 inch m length with enlarged ends (joined by 
transition i urves) of diameter 0 5 inch, the total length being 2 9 inches , 
reference marks were carefully scribed on the enlarged ends for the purpose of 
measurement Extreme care had to be taken in machimng specimens from this 
bar owing to the tendency of the crystal to cleave along the basal plane , 
and, as m the previous experiment, cuts of 0 OOl inch were found to lie the 
maximum permissible An X-ray photograph taken after machining revealed 
very little resolution from the concentric rings of a complete “ powder 
pattern, showing, as was expected, that machimng had produced severe 
surface distortion The specimen was then deeply etched , but the X-ray 
photograph then obtained was still not satisfactory After further etching 
the specimen was agam X-rayed, and the resolution into spots being now 
considered sufficiently good the specimen was given a metallurgical pohsh 
pnor to test The mean diameter of the polished surface before test was 
0 340 inch 
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Subsequently two other specunens, Z6B and Z5C, were machined from the 
same bar to a cylindrical form 0 4 inch diameter and 0 6 inch in length with 
enlarged ends (joined by transition curves) of diameter 0 6 inch, the total 
length being 2 8 inches , as in the case of Z5A, reference marks were scribed 
on the enlarged ends The larger diameters and shorter lengths were adopted, 
m order to reduce lioth the amount of material to be removed by machining 
and the tendency of the specimens to fracture across the enlarged ends, as 
the specimen Z6A, which was tested before Z5B and Z6C were put m hand, 
had fractured in this wav As a further means to avoid this type of failure 
special split collars for ceWt tiul of each Hptctmen were carefully machined to 
fit closely over the enlarged ends and to be a good sliding ht in the chucks of 
the machine m which the tests were made 
Both the specimens, Z5B and Z5C, were then deeply etched and X ray photo- 
graphs were taken , these photographs being satisfactory as regards definition 
of the spots, the specimens were given a metallurgical polish prior to test 
The mean diameters of the polished surfaces before test were 0 894 inch in 
the case of Z5B and 0 888 inch in the case of Z5C 
The stereographie diagram of fig 1 shows the orientation, referred to the 



Fio 1 — Stereographic Projection showing Positions of Pnncipal Planes and Twinned 
Positions of Basal Planes 

specimen axis and to the reference mark on the enlarged end of the specimen, 
of the pnncipal crystallographic planes of the specimen Z6B, as determined 
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irom the corrected X-ray analysis The sphencal co-ordinates of the principal 
planes of this specimen arc listed in. Table II 
Record of Expert me nts - All the specimens were tested under altematmg 
torsional couples Details of all the tests are given in Table I below The 
tv^ists tabulated are the relative angular movements of the reference marks 
on the enlarged ends occurring during each parttcular test , the anti-clockwise 
sense is taken as positive 

Table I 


/5A 

ink 

/5k 


I5li 

ir>a 

J55B 


Rungo of 

loan per 
square inch 


-fcO 6 
to 8 

10 8 , 0 10 


failed during loading 


produced 
duruig I 
individual i 


History and treatment 
prior to next test 


Rc polished 
lie polished 

Fractured across enlarged 
end Measurement of 
twist only approximate 
owing to the specimen 
being bent 

R< polished 

Polished and etchod for 
examination and finally 
re polished 

Fractured in test length 

traoturod across enlarged 
end 


After each test the surface of the specimtn concerned was very carefully 
oKamined m a metallurgical microscope using a 4 mm Apochromat objective 
(Zeiss) The apparatus used for this purpose has beou desenbed very fully 
in a previous paper* , as before, X represents the angle subtended by the 
reference plane (containing the axis of the specimen and the reference mark on 
the enlarged end) and the point on the surface considered A number of 
representative photomicrographs were taken and some of these are reproduced 
ui the present report In all the photographs of the surface of any specimen, 
the vertical black hue is the line of zero slope used for measurement of the 
slope of the shp bands or twin markmgs , positive and negative angles are 
measured, respectively, anti-clockwise and clockwise from tfus datum hne 
Conventions and Symbols The conventions and symbols used in the previous 


‘Roy Soo Proc,’A,vol 118, p 498(1928) 
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experiment* have been adhered to throaghoat, save that, m Table II, and 
subsequently, the twinning planes p,*, p,*, etc (which in the previous 

report were called T®, T*, T', etc ), have been renamed T,, T,', T„ etc , and 
in accordance with this alteration, B,, B,', B^, etc , in the present report 
denote the basal planes belonging to the structures twinned on the planes 
T, T,' Ty, etc , respectively 


Stress Analyses of Zinc Sinyh Crystals Z54, Z5B and Z5C 
Hi. solved Shear Stress The equations to the shear stresses on the principal 
crystallographic pianos resolved in the direction of the primitive lattice 
direction (s) tontained by the planes were evaluated for each specimen The 
stress I quationt is of the form 

R,/S A cos ( > «) 

vlure S, — value of r( solved shear stress at suifaci of specimen 
S ~ nominal miximum shear stress at surface of specimen 
X = angular distance of point considered from reference plane, 

and where A and a are constants 

Since the three specimens were cut all from the same liar, the 6 co ordinates 
of corresponding planes were effectively the sami in each specimen, the ip 
co-oidinates diffenng by constant amounts For the same reason the con- 
stants ‘ A ” (m the stress equations) did not diffei appreciably for different 
specimens, while the constants “ a ” differed by the same constant difference 
as the ‘ iji ” co-ordinates For this reason, in Table II below, the spherical 
co-ordinates and the values of A and a for the principal crystallographic planes 
have been tabulated for the specimen Z6B only 
In fig 2, the values of S,/S have been plotted against X for the following 
crvstallograpluc planes of Z5B 

Basal plane (B) 

First order prismatic planes (P„ P, P,) 

Second order prismatic planes (Py„ P„, P,y) 

First order pyramidal (two) planes (p,®, Py", Pv~“> P»*> 


• ‘ Roy 8oo Proc A, vol 123, pp 143-167 (1929) 
t See ‘ J Iiut Met vol 36, pp 185-187 (1926) 



Table II — Sphencal Co-ordinates and Stress Equation Constants for specimen Z5B 


458 


H J Gough and H L 



pvrsmidal (two) 
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Fig 2— Itesolveil Shear Stit-js Katioa on Principal Crv eta Hog rapine Pianos 


The diagram shows that, from considerations of resolved shear stress, all 
three sbp directions on the basal plane are involved, the rangis of X over 
which each resolved shear stress is greater than either of tlie other two being 
approximately equal 

Nmmal stress —Using the equation* 

N/S - sin 20„ sin (4i, - X) 

when' N is the normal stress on the plane whose spherical co ordinates are 
(Opij/p) and where S and X are as previously defaned, the values of the ratio 
N/S were evaluated for the basal and first order pyramidal (two) planes of the 
specimen Z5B In hg 6 these values are shown plotted against X 

Tiaco) of Planes -The slopes of the traces of the principal ( rystallographic 
planes of the specimen Z5B were calculated from the X-ray analysis and are 
expressed graphically in fig 4, the convention of sign of slope being as dehnod 
above 

Diagrams for Z5A and Z5U — Figs 1, 2, ‘1 and 4 and all diagrams for Z6B, 
in which values of X are used as abscissa), apply equally to the specimens Z6A 
and Z5C, if, to the values of X for Z5B, there is added 126 5" m the case of 
Z6A and 270° m the case of Z6C A similar alteration may be made to Table 
II, the values of and a only being affected 

• See ‘ J Inst Met loc ett 



Fio 4 — hlopos of Traces of Prurcipal Cr^tallographio Pianos 
(Li figs 2-4, X, y, and 2 denote the operative slip direction over the area indicated ) 

Fmluies Exhibited hy Microti 1 uctiire — ^Tho features exhibited by the mino- 
structure of each specimen after tost wereal ways of two distinct types (1) a 
closely spaced system of slip bands nearly perpendicular to the axis of the 
specimen, (2) six distinct sets of twin bands agreeing very closely with the 
traces of the hrst order pyramidal (two) planes In the later stages of test 
on the specimen Z5B there appeared a third feature, a senes of long, black 
Imes nearly piirallel to the axis of torsion and extending the whole length of 
the specimen It appears convement to discuss bnefly the appearance of ( iv< h 
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specimen after each test, and subsequently to review the results as a whole 
both in relation to the predictions made from the results of the previous exiien- 
ment and with regard to any further conclusions that may be drawn 
Speciimn Z5A — -The examination of the surface of Z5A before test revealed 
a few isolated maiks havmg the general appearance of twin bands While 
these bands were too faint to be directly identifiable as twins, their direction 
in every case agreed well with the calculated slope of the trace of one of the 
SIX twinmng planes It was therefore concluded that these marks were twins 
produced probably in the process of machining and not entirely removed by the 
subsequent etching and polishing processes The appearance of these twins 
before test is of some value m that it shows that the many more numerous 
twin bands recorded after test were indeed produce d by the alternating torsional 
stresses, and were not present m the specimen before the tt sts w ere comme need 
In hgs 6 (a), (6) and (c) are plotted the calculated slo|)es of the traces of 
the slip and twinning planes of the specimen Z5A The vertical lines at 
X = 22°, 86°, 148° (and corresponchng positions) divide these diagrams at tho 
points where, according to shear stress considerations the slip direction on the 
basal piano should c hauge from one primitive directum to another For all 
values of X between any two such vertical lines one slip direction only should 
be concerned , each range is therefore marked with the particular slip chrection 
involved Since the stresses applied to the specimen were alternating stresses, 
no distinction is made as to the sense of these directions 
On hg 5 (a) are indicated the positions and slope of the slip and twin bands 
apparent on the surface of the specimen after the first test (25,000 rev ei sals 
of ± 0 5 ton per square inch), the readings being recorded by full black dots 
m the case of twin bands and bj open dots in the case of slip bands The 
actual re-admgs observed differed from the calculated values by small amounts 
not exceeding d: 2° , these small differences have been neglected in preparing 
the diagram In the same way the slip and twin bands observed aftci the 
second test are shown in fig 5 (6) and after the third test (m which frat ture 
occurred) in hg 5 (c) Details of these tests are given m Table 1 
Specim n Z5B — In figs b (a), b (b) and 6 (c) are plotted the calculated 
slopes of the traces of the shp and twmnmg planes of tho specimen Z5B 1’he 
vertical hnes at X == 22°, 76°, 139°, 202°, 256° and 319° divide these diagrams 
into regions withm each of which the slip direction is constant and each region 
18 marked with the appropnate letter denoting tho slip direction concerned 
On fig 6 (o) are shown the shp and twin bands apparent on the surface of 
the specimen after the first test (38,000 reversals of ± 0 6 ton per square 



Fig 5 — DiaKraniH showing Position of Slip Bands and Twins 

inch), on fig b (b) those recorded after the second test and on fig 6 (c) those 
recorded after the third test Details of all the tests are given in Table I 
After the third test on this specimen, m addition to the shp and twin bands, 
there appeared on the surface a senes of longitudinal marks (see fig 13) extend- 
ing the whole length of the specimen The appearance and nature of these 
marks are discussed separately below After the fourth test on this specimen, 
in which fracture occurred before the required stress range had been reached. 
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Fio 6 — ^Dittgranui showing Positions of Slip Bands and Twins 


the surface showed only a few isolated twins, which may have been formed 
during or after fracture , no record of those twins is therefore given The 
longitudinal marks observed after the third test were, however, again observed 
after the fourth test, and these, together with the appearance of the shp bands 
after fracture, are discussed later 

Specimen Z6C — This specimen fractured across the enlarged end before the 
first test had been completed Pig 7 shows the calculated slopes of the 
traces of the shp and twmmng planes of the specimen Z5C, the diagram being 
divided, as m the case of the other specimens, mto regions of constant shp 
direction On this diagram are plotted the positions and slopes of the shp 
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and twin bands observed after fracture (which occurred after 0 26 X 10* 
reversak at ± 0 8 ton per square inch) 



Slip Baiids — From the results of the previous experiment* on a single 
crystal of zinc it was shown conclusively that the shp plane operative under 
fatigue stresses was the basal plane , the position of maximum intensity of 
shp bands and its agreement with that of maximum resolved shear stress ako 
completely identified the slip direction In the present experiments ako, 
no shp, except that identified with basal plane shp, was observed Evidence 
of the actual shp directions is not so direct m the present experiments for 
reasons, however, which wiU be apparent In the later stages of each test 
(nommal shear stress ±08 ton per square inch) a senes of closely-pitched 
slip bands completely encircled the specimen Following the first stage 
(/i ± ton per square inch), famt shp bands were visible but were extremely 
difficult to detect at the points of calculated maximum resolved shear stress 
This, however, was undoubtedly due to the fact that at these maxima pomts 
the shp direction was tangential to the surface of the specimen, rendenng 
visual observation extremely difficult (on a perfect surface nothing should be 
visible under a microscope) On the other hand, careful exammation of the 
intensity of the shp bands m those regions where the shp duection would be 
expected to change showed that the frequency and intensity of the shp bands 
had mimmum values at these change points There is ako the evidence of 
the location of certain longitudmal marks and of the change pomts of the 
operative twinnmg planes (both of which are diBouBsed later) These facts, 
* ‘Roy Soo Proo,’ A,voL123,p 143(1929) 
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together with all previous expenetuse of zinc and other crystals, are sulhcient 
to show that the law of deformation by slip obeyed in the present experiments 
was that of maxuniim resolved shear stress on the basal plane m the contained 
primitive directions 

With regard to the lowest stress value at winch slip bands aio pioduced, 
reference to fags ‘2, 5 (a) and b («) shows that this value must be less than 0 38 
ton per square inch When it is remembereil that in the previous test (crystal 
Z3A) no shp bands wire detected until the range of applied stiess was nearly 
±10 ton per squaie inch, the effect of crystal orientation on the “ visible 
shp limit ” 18 apparent , this disparity is probably largely due to the restraining 
effect of the enlarged ends of the specimen, and perhaps to some extent is 
influenced by the relation of the shp direction to the surface of the specimen 

The typical appearance of shp bands m the later stages of the tests is shown 
in fig 16 (PI 1 i) (specimen Z6B after third test, taken at k = 90°) 

Tmn Bands 

(i) Identification of Tmnning Plane -In the previous experiment the twin- 
nmg planes of zme were identified as first order pyramidal (two) planes of the 
general tjqie 10l2 In the present expenments a profusion of twins were 
observed , the twinning plane m every case was of the 10l2 type, and twins 
on all the six possible 10l2 planes were observed 

(ii) Rdalton between the Tmnning Plane and the DirecHun of Slip on the 
Basai Plane — For reference purposes the developed half-surface of each 
specimen can be considered as divided (by imes parallel to the axis of torsion) 
into three regions denoted by x, z and y (in the order given) where these letters 
refer to the operative shp direction from maximum resolved shear stress con- 
siderations (see fig 2) , as the three specimens considered were all cut from the 
same bar, and as the same nomenclature is employed throughout, these regions 
were in the same sequence in all three specimens and the actual differences of 
X value may convemently be disregarded 

According to the prediction made from the results of the previous experi- 
ment, each such region should contam ono or two complementary pairs 
of twins formed on particular 10l2 type planes, as indicated m Table III, 
the system being such that no operative twmmng plane present in any region 
shall include the shp direction operative m that region 
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Table III 

Area. 

XViiming plane 




jy*, p^-* and/or 

P«*. P»-* »nd/or 

P»\ Pm-‘ 


y 

P»’. P«“* and/or 

Vk> Pa~* 



The actual distribution of twins that was observed on all three specimens 
was identical in general characteristics, being such that within any region of 
constant shp direction, twins were formed almost entirely on one pair of twm- 
mng planes The observed positions of the twins are mdioated m figs 6 (a), 
(6) and (c) (specimen Z6A), figs 6 (a), (5) and (c) (specimen Z5B), and fig 7 
(specimen Z6C) by the full circles It may be necessary to point out that this 
method of diagrammatic representation is somewhat misleadmg as no clear 
indication can bo given of the relative occurrence and width of the twins 
recorded Qmte a different impression of the appearance of the micro- 
structure 18 often obtamed from a searchmg visual exammation For example, 
a system of twins may largely disappear at a certam value of X, one or two small 
twins only extending beyond that pomt, and the occurrence of these exceptional 
twins must be, and has been, recorded The only satisfactory method of 
recording the appearance of the structure would be the reproduction of such a 
large number of photographs that is impracticable It must be sufficient to 
record that the visual exammation of the structure showed that each region 
corresponding to any one shp direction was occupied by two sets of twins of 
major importance , when other twins were present, it was apparent that their 
presence was due to “ over-runnmg ”* (as they obviously decreased m intensity 
and width) from a neighbounng region or were of an “ occasional ” nature 
The transition from one shp region to its neighbour was, in fact, marked by a 
change m the chief operative twinmng planes The results of the observations 
are summarised as shown in Table lY 

The outstandmg features of these results can bo summarised as follows — 

In every specimen— 

1 Twins formed on one complementary pair of 10l2 type planes were observed 
m each operative shp region 

* NoU . — The tendency of twin formation to “ over run ” or oontmue beyond the region 
m which the twin originated was noticed in the previous experunents, and it was shown 
that the mode of formation of meohanioal twins would tend to extend the twins m the 


direction of the twii 
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Table IV 


Specimen 

Region (upenttiTe 
■lip direction) 

Predicted twinning pUues 
(from previous experiment) 

Obeerved operative 
twinning planes 

Z6A 


r 

p,* and p*“* 

Z6B 

r 

p»’, p,-* and/or p,*, p,-* -1 

p,* and p,-* 


J 

v. 

Pg* Mid 

/&A 

-] 

r* 

p,* and p«“* 

Z6B 


and /or p/ p„-» ^ 

p^’ nnd 

Z60 

J 

1 

Py* and p,-* 

Z5A 

I 

r 

p,» and p,-* 

Z6U 

r ^ 

p,*, p,-’ und/or 7>«*, P*-’ < 

Pta* and pa,“* 

/WJ 

J 

\ 

p,* and p,-‘ 


2 The operative twinning planes changed with the change in operative shp 

direction (controlled by nmximum resolved shear stress considerations) 

3 Twins on all six possible twinning planes (10l2 type) were observed on 

each specimen 

\ In no case did the operative twinning plane m any region contain the 
operative shp direction in that region 

The main prediction, based on the results of the previous experiment, regard- 
ing the dependence of the operative twinning plane on tlie shp direction has, 
therefore, been fulfilled in the present critical experiment The results must, 
however, be further exammed, as the factors determining the choice of 
twinning plane are not obvious 

(ill) Choice of Twinning Planes — Accordmg to the previous hypothesis, 
within any region of constant shp direction there are four possible planes on 
which twins might be formed , but figs 5, 6 and 7 and Table TV show con- 
clusively that on only one of the two pairs of possible twinmng planes are 
twins actually formed 

In the previous experiment a similar result was obtained, and m that case 
it was suggested that, since the atomic movements by which twinning is 
effected are probably confined to a plane normal to the twinmng plane, the 
relative values of the normal stresses on the twinmng planes might determme 
on which of the possible twinning planes twins would actually be formed 
In the previous experiment the normal stress on both the actual twinning 
planes was very much greater than the normal stress on either of the other 
possible twinmng planes , thus, consideration of the normal stress appeared 
to supply the entenon requited m order to determme the actual twmmng planes 



468 


H J Gough and H L Cox 

By reference to fig 3, which shows the normal stresses on the twiniung planes 
of the specimen Z6B, it will be seen that in the present experiments, normal 
stress considerations fail to explam the distribution of twins actually obtamed 
Talong, on fig 3, the region X = 22“ to X = 76°, in which the shp direction is 
or, as an example it will be seen that from X — 22“ to about X = 60“ the normal 
stresses on p,* and p."* are greater than the stresses on p^® and p,”® , but that 
from about X = 50“ onwards the positions are reversed, the stresses on p^® 
and p,"® being greater than those on p,® and p,~® On the previous hypothesis 
it would be expected that from X = 22“ to about X = 60“ T, and T,' twins 
would predominate, and that fiom about X = 60° to X = 76°, twins 
would be formed chiefly on T„ and T^' Fig 6, however, shows that from 
X — 22“ to X = 76“ the twins observed on the surface were almost entirely 
on the T, and T,' planes In a stmiUir imnner the normal stress fails in every 
other region of constant slip direction to promde an independent criterion between 
the two possible pairs of twinning planes This hypothesis must, Ourefore, be 
abandoned 

The shear stresses on the twinning planes, resolved in the direction of the 
primitive directions contamed by the planes, i e , parallel to the basal plane, 
would not be expected to have any effect on twinning, the atomic movements 
by which such twinmng is effected being presumably m a plane normal both 
to the twinmng and to the basal planes In any case, a reference to fig 2, 
in wbch these shear stresses for the specimen Z6B are plotted, shows that con- 
sideration of these stresses would lead to similar conclusions as were drawn 
from the consideration of the normal stresses 

The shear stresses on the twinning planes, resolved m the directions per- 
pendicular to the primitive directions contamed by the planes, might be expected 
to influence twinmng, since, to a very limited extent, twinmng is of the nature 
of shear in these directions These shear stresses have been calculated for the 
specimen Z5B and are plotted in fig 8 In this case also, agam taking the 
region X = 22° to X = 76“ as an example, the criterion would mdicate a change 
from T, and T/ to T, and T,' approximately m the middle of the interval 

It appears therefore that, m the present experiments, the choice of twinning 
plane can have been decided neither by the normal stresses nor by the shear 
stresses on the twinmng planes, each considered independently, though the 
possibility remains that the true entenon may be some combmation of these 
stresses 

From the expenmental results it appears conclusive that the conditions that 
cause twins to be formed on one twinmng plane also cause twins to be formed 
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on the complementary plane oontammg the same pmmtive direction, e g , 
if tYTins are formed on T, they are formed on T* also This result was obtained 



Fio 8 —Shear Stress on Twinning Pianos resolved m a direction perpendicular to the 
prumtivo direction contained by the plane 

also in the previous experiment , but since, m that case, tlio normal stress 
cntenon appeared to account for all the facts, no particular importance was 
attached to it 

The pair of twinnmg planes that contam the same primitive direction are 
to a largo extent complementary also as regards the stresses on them The 
angle between them is 86°, t e , they are almost perpendicular to one another, 
so that the normal and shear stresses due to alternating torsional couples upon 
such a pair arc very nearly identical , any stress condition, therefore, that 
would cause twins to be formed on one plane would tend also to produce twins 
on the other 

Two such planes are complementary also m another sense directly concerned 
with twinnmg In the discussion of the results of the previous experiment it 
was shown that the mechamcal process of twinnmg must result m what is, 
viewed macroscopically, a small shear along the twinning plane m the plane 
perpendicular to the primitive direction contamwl by the twmmng plane 
Twinnmg on the complementary twinning plane results m a small shear m 
the opposite sense When a twm band is of a certain very small width (about 
50 A ), or any multiple of this width, the actual movement of the atoms along 
the twmmng plane at the farther edge of the twm is such as to move each atom 
mto the position occupied by the next , thus the onginal structure can permit 
the formation of twm bands of this width (or any multiple of this width) 
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without itself undergoing any deformation On the other hand, it is possible 
for the ongmal structure at each side of a much broader twin to move “ sohd ” 
with the edge of the twin and thus deform by the whole amount of the shear 
occurring within the twin 

In any case, whether the original structure deforms by the whole amount 
of this shear or whether it remains more or less unchanged, during the process 
of formation of the twm, the shear must to a limited extent affect the original 
structure And, therefore, since the shears for a pan of complementary twin- 
ning planes are in opposite senses, it is possible that the production of both sets 
13 duo to the alternating nature of the applied stresses, and this appeals to be 
the most plausible explanation of the experimental fact 

An obvious method of testmg whether the mutual occurrence of twins on 
complementary planes in the present and previous experiments is due to the 
alternating nature of the stress system employed, would be by carrying out 
careful experiments on zmc crystals employing static torsional loading, and 
it IS proposed to make some experiments on these lines when opportunity 
permits Some information might also be obtained from static tensile tests 

(iv) “ Sequence ” ConstdercUtom -Considerations of normal stress havmg 
failed completely to account for the selection of operative pairs of twinnmg 
planes, some interesting facts emerge from a consideration of the experimental 
results, per se The results show defimtcly — 

(а) Twins on complementaiy twinmng planes are always present in the 
same operative shp region, thus reducing the total of six possible twin- 
ning planes to throe pairs 

(б) Three slip directions are involved 

(c) One pair of twinmng planes only appear in each operative shp direction 

(d) A change in shp direction is accompanied by a change in the pair of 
twinmng planes operative 

(e) In any operative slip region, the twinmng planes contaimng that slip 

direction do not appear 

Now the three crystals used in the present experiment were cut from the 
same bar and the same crystallographic nomenclature has been carefully 
adhered to throughout the present report Figs 6, 6 and 7 show, therefore, 
that, in order of mcreasmg value of X, the common sequence of operative shp 
regions is denoted by x, z, y, x, z, y, , etc Now, with this sequence, if con- 
ditions (a), (6), (o), (d) and (c) above are to be obeyed, only two possible sequences 
of operative twinning planes can exist , these sequences are shown m Table V 
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Direction 

1 ► Inoreaeing valtiee of A* ► 

Sequence of operetive | 

slip regiom 



1 ^ 

Ounesponding 
aequenoe of 

Alternative 

A 

j. (p,* and p,-*) 

<p,* and p,-*) 

(p,* and p,-*) 

twinning | 

Alternative 

B 

} (P.* “nd P."’) 

(p,* and p,-*) 

j (p,* and p,-*) 


It IS now apparent at once that alternatives A and B represent the same 
sequence of operative twinning planes, the difference between the two being 
merely one of p/wse Reference to Table IV wiU reveM that alter native A 
ref resents the behaviour of specimen Z6A, while both the specimens ZTiB and Z5C 
correspond to alternative B Consider fig 7, for example, and the twinning 
plane at the point where the shp direction changes from z to y The 
simple conditions given above ( (a), (5), (c) and (d) ) can be fulfilled if twmnmg 
on spreads to the left of the dividing hne and extends over the region 
denoted by z (in which case the twinning characteristics of specimen Z5A will 
be produced) or if twinning on p^~^ spreads to the ru]ht of the dividing Ime 
and extends over the region denoted by y (m which case the twinning character 
istics of specimens Z5B and Z6C will be produced) It will be seen from fig 7 
that the dividmg hne coincides very nearly with the position at which the trace 
of the twinning plane has its maximum slope , these points also correspond to 
positions of maximum normal stress on the twinning plane under torsional 
straimng It is obvious, therefore, that the direction (right or left) in whicli 
twinmng proceeds cannot have been controlled by normal stress considerations 

One IS led to assume therefore that the sequence of twmnmg is dictated almost 
entirely by the sequence of shp direction and that the phase diSerenoe adopted 
by any particular specimen is influenced by secondary considerations Thus, 
specimen Z5A happened to adopt alternative A (of Table V), while specimens 
Z5B and Z6C conformed to alternative B The important pomt is that the 
behaviour of all three specimens is entirely consistent As to the unknown 
factor which serves to discrimmate between alternatives A and B, the present 
expenments give no information 

The outstanding conclusion is that the suggested process, which is simple 
and logical, makes consistent the apparently discordant characteristics 
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exhibited by three specimens and renders unnecessary the fomiulation of any 
primary factor affecting the choice of twinning plane other than consideration 
of slip direction It is necessary, however, to pomt out that no explanation 
of the process has yet emerged 

Slip Bands mthin the Tvnns — ^All the twin bands observed m the present 
experiments were small some of the broadest recorded being shown m fig 11 
(Plati* 12) For this reason, although shp withm the twm bands was, m nearly 
every case, easily observable, the slope of the shp bands was not often accurately 
measurable The evidence as to the shp plane within the twins deduced from 
the large twins observed m the previous experiment is regarded as so very 
defimte that no attempt has been made to confirm these previous results by 
purely independent measurements of the much smaller twins observed m the 
present experiment 

In several cases, however, measurements were made on some of the broadest 
twins, and the slopes of the shp bands were found to be m good agreement 
with the slopes of the various twinned basal planes In figs 15 and 12 
(Plates 13, 12) the difference of slope of the slip bands within two sets of com- 
plementary twms may clearly be seen 

The process of twinning (as it occurred in the present experiments) produces 
twinned basal planes that are everywhere nearly parallel to the axis of the 
specimen and (at the pomts where shp bands are visible) are inchned at a large 
angle to the surface of the specimen The resolved shear stresses on the 
twinned basal planes are therefore everywhere very high, so that shp on the 
twinned basal planes would be expected wherever twins are formed An 
inspection of the photographs, which are representative of the general appear- 
ance of the surface of the specimens, shows that twins without mtemal shp 
were never observed 

Fracture — All three specimens fractured completely under a range of 
nommal shear stress of ± 0 8 ton per square moh , specimens Z5A and Z5C 
fractured across the enlarged ends, the plane of fracture in each case bemg the 
basal plane (the cleavage plane) , specimen Z5B fractured approximately m 
the middle of the test length, the fracture being mainly parallel to the basal 
plane with a small irregular area of roughly prismatic form 

From the appearance of the fracture of the specimen Z6B, it appears probable 
that cracks started on opposite sides of the specimen on two distmct basal 
planes, and that the roughly prismatic fracture occurred by tearing action 
after the specimen was almost completely severed, the fracture bemg thus 
completed 
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None of the fractures had the appearance of a fatigue failuie, and from the 
nature of the failures, it appears that the initial cracks devebped into complete 
fractures almost instantaneously It will be seen from the curves of shear 
stress (fig 2) that the shear stress on the basal plane did not vary greatly all 
loiind the specimen It is not unreasonable to suppose, theiefon , (hat a 
< rack once formed would be propagated rmm<l the specimen mereU undi i tiie 
static elTeet of the maximum stress of the stress rangf On the otlici hand, 
Willi the particular orientation of the piisont crystals, the slightest bending 
stresses in a plane containing the axis of torsion is apt to reveal the inherent 
“ hnttleness ” of the crystal and its marked tendency to cleave along the 
basal plane Although the very greatest precautions were taken to avoid 
bending stresses while placing the specimen m the testing machine grips the 
appearance of the fractures mdieate that bending stresses wt re chu (ly lespon- 
sible for the actual final failure The value of the nominal shear shess being 
apphed ±08 ton per square mob, when fractiuc occurred lias piohahly 
little relation to the fatigue range of the crystal 'I’he writers believe that no 
information regardmg the actual value of the fatigue hunt has been obtained 
in the present experiments 

Prismatic Planes —In the present experiments, as in the previous expc ri- 
ment, no mdication of deformation by slip on any of the prismatic planes 
(either first or second order) was observed After the third test (6 02 x 10*) 
reversals of ± 0 8 ton per square inch) on the specimen Z5B, however, there 
were apparent on the surface six sets of long, black markings all nearly parallel 
to the axis of the specimen and the majority extending the whole length of 
the specimen 

Suthcient photographs (magmlication . 100) were taken to fonn con- 
tinuous panoramas of the surface of the specimen, the first a circimifoieutial 
development showing the appearance of the surface about midway between 
the enlarged ends from X — 0 to X — 180°, the 8o< ond following the dnection 
of the longitudmal lines and showing their appearance from end to end of the 
spixamen at about X — 1 15° The first of these panoramas is reproduced m 
diagrammatic form m fig 9 (c) to show the positions and approximate slopes 
of the longitudinal hues both in relation to the crystalline structim and to the 
apphed stressing system , a diagram of the resolved shcai stresses on the basal 
plane is appended (fig 9 (6)) 

It will be seen that the lines were grouped round the points of ma x i m u m 
resolved shear stress on the basal plane, i e , round X — 49°, 107°, 170° (229°, 
287“ and 360°), that each group had a defimte slope, and that these slopes 



474 


H J Gough and H L Cox 


were everywhere nearly perpendicular to the trace of the basal plane The 
slopes of any two of these lines separated by 180° X were always equal and 



opposite, so that it was concluded that the lines represented the traces of 
crystallographic planes From the peiqiendiculanty of these lines to the trace 
of the basal plane, it was evident that they could only represent the traces of 
planes of a prismatic form, and it was found that they agreed, within ± 2°, 
with the traces of the second order prismatic planes P„, (of the ll20 
type) The particular plane concerned at any point was the plane perpendicular 
to the shp direction at that point, eg , P,, m the z region In fig 9 (a) are 
plotted the calculated slopes of the traces of these three prismatic planes and 
the observed traces are recorded on this diagram as full black dots , as in the 
previous diagrams, the small differences between the calculated and the 
observed slopes have been neglected m preparing the diagram 

It was thought at first that these longitudinal hnes might be cracks or 
cleavages, although the general appearance and nature of the marks did not 
correspond with the usual type of fatigue crack or cleavage failure, and the 
almost simultaneous production of so many cracks seemed extremely unhkely 
However, m order to test this hypothesis, after the polished surface of the 
specimen had been fuUy examined and photographed, the specimen was 
bghtly pohshed and etched and the surface was then re-exammed and re- 
photographed The appearance of the marks after this treatment was not that 
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of cracks One of the photographs taken is reproduced (hg 21, Plate 14), and 
by comparison with the photographs before pohshmg and etching it will be 
seen that the effect of the treatment has been to render the longitudinal hnes 
less deimite, a result that would not have been obtained had those marks been 
cracks 

It was concluded, therefore, that these hnes were more in the nature of ridges, 
an impression that had previously been conveyed directly after test by the 
appearance of the specimen to the unaided eye This conclusion was sup- 
ported also by the shght differences of level existing in the neighbourhood of 
the longitudinal hnes, these differences being evidenced by the shght adjust- 
ments necessary to bring each feature into focus in the microscope The 
difference of levels is shown also as a difference of focus in fig 17 
(Plate 13) 

In the vicimty of the longitudinal hnes, it will be noticed that the basal 
slip hnes, and, to a lesser degree, the twm bands also, arc considerably dis- 
torted (hgs 17 and 18) This distortion may be due entirely to the effect of the 
ridges, which, by causmg the surface of the specimen to become inchned to the 
plane perpendicular to the axis of the microscope, alters the apparent slopes 
of the traces of the crystallographic planes The traces of planes which arc 
perpend icidar to the surface of the specimen would not bo affected by this 
distortion of the surface, eg , sA the points X -= 45 5° and X -- 225 5®, where 
the basal plane is normal to the surface, no bending of the shp hnes would be 
expected An cxamiution of hg 11 (X = 48®) and fag H (X -= 40°) shows 
that experimental evidence on this point is mdecisive In fig 14 the shp 
hnes appear reasonably straight and contmuous, but in fag 1 5 the lines, while 
straighter than elsewhere {cf fig 19, X = 112°), arc viry far from continuous 
across the photograph 

It 18 therefore suggested that, while the apparent curvature of the shp hnes 
may be due to the optical effect of the corrugation of the surface of the specimen, 
the actual discontmuity of slope of these hnes, as instanced in fag 13, is probably 
not due entirely to this cause It appears therefore that the expenmental 
evidence, though very far from conclusive, does indicate that something m the 
nature of shear deformation m the direction of the longitudmal hnes has taken 
place 

It may be remarked here that, m the previous experiment on the specimen 
Z3A, one or two short dark hnes were observed m the regions of maximum 
shp, correspondmg in general appearance and onentation with respect to the 
orystallographio axes to the longitudinal hnes observed m the present tests 
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At the time these short daik lines were regarded as being accidental , they 
were not sutiioiently numerous to afiord any indication of correlation with the 
crystallographic axes Now, however, it appears that these lines were the 
exact counterpart of the longitudinal lines observed in the present test and 
their occurrence in the legions of maximum slip confirms the deductions drawn 
as to the dependence of these lines on the process of shp 

From the appearance, position and onentation of the longitudinal hnes, it 
18 natural to associate the jirodnctimi of the lines with the shp on the basal 
plane It was, at first, thought that the hnes might represent the effect of 
non-umforrmty of shp resulting m a “ pihng up ” of material at the pomts 
where the actual amount of shp was changmg most rapidly , but estimates of 
the vanation of the actual amount of slip round the specimen seemed to indicate 
that this would lead to the production of longitudinal lines near the change over 
points rather than at the crests of the curves of resolved shear stress on the 
basal plane Moreover, on this hypothesis, the deformation of the shp hnes 
by the longitudinal hnes must be attnbuted entirely to the optical effect of the 
corrugation of the surface 

In fig 10 are shown four diagrams intended to illustrate a tentative sug- 
gestion as to the manner in which these hnes may be produced For con- 
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vemence we consider a specimen in which the basal plane is perpendicular 
to the axis or torsion , the actual orientation of the specimens used in the 
present expeiiments was sufficiently close to this ideal orientation for the 
present purpose Jhg 10 (a) shows a rectangle drawn on the surface of this 
ideal specimen (one pair of edges being parallel to the traces of the basal plane) 
in the vicimty of a pomt of maximum resolved shear stress Suppose, now, 
that the rectangle tends to shp mto the form shown m fig 10 (6) In the 
neighbourhood of the change-over pomts, however, not only is the shear stxess, 
and hence the tendency to shp less, but such shp as does occur is not entirely 
perpendicular to the radius vector and hence contnbutes in a lesser degree to 
the actual torsional movement This may have the effect of restnoting the 
total torsional movement of fhe whole specimen to such an extent tiiat the 
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rectangle of fig 10 {a) can reach only the poaition shown m hg 10 {d) It is 
suggested that this final position may be reached from the position fig 10 {b) 
by a rotation into the position shown in fig 10 (c) and a shear deformation on the 
plane normal to the direction of slip on the basal plane, i <? , on the prismatic 
plane It is not suggested that this shear deformation is effected by shp in the 
ordinary sense, but rather by mass movement mainly in the neighbourhood of 
the longitudinal hues 

It IS not desired to lay any emphasis on the explanation suggested above, 
since the experimental evidence is not regarded as sufficient to warrant anythmg 
more than a tentative hypothesis 

After the specimen Z5B had been broken, the fractured surface was examined 
and photographed It was found that at six points practically equally spaced 
round the edge of the fracture and agreeing well with the positions of the 
longitudmal hues on the polished surface, the face of the fracture over a small 
area appeared corrugated, the degree of corrugation decreasing as the distance 
from the pomt of maximum stress increased Fig 23 shows the appearance 
of the fractured surface The shear stress values on the basal plane resolved 
along the primitive directions have been placed round the photograph in the 
form of a polar diagram Fig 22 (Plate 14) shows the corrugations (appearmg 
as broad black bands) at about X = 110® photographed at a higher magnifica- 
tion The general directions of the corrugations on opposite sides of the speci- 
men agreed well with each other and with the calculated trace of the particular 
second order pnsmatic plane concerned at each point It appears, therefore, 
conclusive that whatever deformation occurs to produce the longituihnal hnes 
on the surface, the deformation is such that the second order prismatic planes 
normal to the direction of shp remam undisturbed 

On the fractured surface of Z5B there was apparent a second set of marks, 
easily recognisable as twin bands and agreeing exactly with the traces of the 
twmnmg planes In fig 22 these twm bands may bo seen crossing a corrugated 
area, the angle between the bands and the direotiou of the corrugations being 
almost exactly 30® (the theoretical angle) 

The polished surface of 2i6B after fracture showed no regular distribution of 
twins, a few isolated bands only being observed In the vicinity of the fracture, 
however, the longitudinal hnes again appeared as fine hnes, occupying exactly 
the same positions round the specimen as the broader marks observed after 
the third test 
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Summary of ReauUt and Conclusions 

1 Slip Plane, Slip Directions and Twinning Planes — ^The slip plane of 
zmo 18 the basal plane (0001) , the slip direction is the most highly stressed 
primitive direction , deformation by slip is controlled by the cntenon of 
maximum resolved shear stress The twinning planes of zinc are the six 
jilanes of the general type 10l2 

2 Operative Twinning Planes — With the specimens employed m the present 
tests, due to the relative orientation of crystallographic and straimng axes, 
and to the tjrpe of apphed stressing, the circumference of the specimen can be 
considered as being divided into six consecutive portions (a sequence of three 
portions repeated twice), in each of which one shp direction is operative Thus 
three shp directions become operative m turn The results show delimtely 
(a) One pair only of complementary twinning planes appear in the area associ- 
ated with each operative shp direction, thus reducing the total of six possible 
twinning planes to three pairs , (6) a change m slip direction is accompamed 
by a change in the identity of the pair of operative twinmng planes , (c) m 
any operative slip direction, the twinmng planes oontainmg that shp direction 
do not appear , (d) normal stress alone does not determine the choice of 
operative twinning plane If conditions (a), (6), (c) and (d) are fulfilled, only 
one sequence of operative twinmng planes can result, offering two alternative 
phases of the sequence Both phases have been observed on different specimens 

The important conclusion is thus reached that the occurrence of twins, as 
w ell as slip bands, is controlled by the simple cntenon of maximum resolved 
shear stress on the shp plane 

3 Ne/w fealurps observed in the Microstructure — Long widely-spaced black 
‘ marks ” appeared on the surface of the specimen In every case their 
direction was parallel to the trace of the particular second order pnsmatio 
plane (ll20 type) perpendicular to the shp direction operative at that portion 
of the specimen The exact meamng of these “ marks ” is not apparent , 
it IS suggested that they may represent the effects of block shear movement on 
prismatic planes rendered necessary to preserve the contmuity of the specimen 
and compensating for the fact that zinc has only one shp plane, with three 
shp directions 


The experiment is an item of a general programme of research performed for 
the Engineenng Research Board of the Department of Scientific and Industnal 
Research and the Aeronautical Research Committee , the authors’ thanks are 
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due to these bodies for the research faoihties afforded and for penoission to 
pubhsh the results. 

The zinc crystal used was prepared by Mr V H Stott, M Sc , and the 
metallographio pobshing was arranged by Mr J. D Grogan, B A , both of 
the N P L Metallurgical Department The X-ray analyses were carried out 
in the N P L Physics Department by Mr I Backhurst, M Sc 

The authors take this opportumty of expressmg their indebtedness to Messrs 
Stott, Grogan and Backhurst for their invaluable assistance m these directions 


Structure m very Permeable Collodion Gel Films and its 
Siynificance in Filtration Problems 

By William Joseph Elpobd, National Institute for Medical Research 
(Communicated by J E Barnard, F R S —Received January 31, 1930 ) 
(Abstract ) 

1 Optical studies of permeable collodion hints have revealed the existence 
of two very definite types of structure— (i) microgel structure of microscopic 
Older, and (ii) ultragel structure of ultra-nucroscopic order The general 
nature of these structures has been established for several different nitro- 
cottons and the conditions determining them investigated 

2 Gelation in this particular instance is a process of phase transition resulting 
from the coagulating influence of desolvation The precise nature and stabihty 
of the gel 18 a function of the specific characters of the nitro-cellulose a^ 
solvent, and the Variation m free surface forces arouud the dispersed phase 
particles with differing degrees of molecular complexity of the system 

J The bearing of these observations upon ultra-filtration has been dis- 
cussed A complete explanation of the general behaviQur of ultra-filter 
membranes is afforded, and a sound basis established for the interpretation 
of filtration results 

{The full paper is pubhshed m Proceedings, B, vol 106, pp 216-228 ) 
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Itesemches on tht Chemistry of Coal Part VI — Its Bmzenoid Con- 

stituiion as shown by vis (hndaiwn wUh Alkaline Permanganate 
By William A Bonb, D Sc , F R S , Laubfnck Hobton, Ph D , and 
Stacky G Wabd, M Sc 

(Receiv ed March 13, 193U ) 

In Part IV of this series* a prehnunary account was given of the discovery 
that the benzene pressure-extracted “ residue ” of a typical bituminous coal 
can nadily be oxidised by means of an alkaline solution of potassium per- 
manganate with formation of considerable quantities of bcnzcnoid acids, 
among which benzene hcxacarboxyhc (melhtic) and 12 3 1 benzene tetra- 
carboxyhc acids had been isolated and identified, the total yield of such 
acids obtained amounting to be tween P) and 40 pet unit of the weight of the 
coal residue taken, according to the conditions under which thi' oxidation had 
been conducted Seeing that the* benzene pressure-extracted ‘ lesidue ” 
treated in the i xpenments was 88 0 per cent of the original coal substance, such 
results indicated that a considerable part of the original coal substance is of a 
benzenoid character, and the woiking out of the possibihties thereby opened 
up was reserved for further investigation because of its bearing upon the 
chemical constitution of coal 

Since the pubhcation of those results the subject has be< n under continuous 
investigation in the Fuel Research Laboratories of the Imperial ('oUege with 
the aid of grants from the Fuel Research Board of the Department of Scicntifac 
and Industrial Research, and the present paper givca an account of oui 
further experiments 

In drawing up the original jirograimne of work the following pomts seemed 
to be of lust importance, namel>, (i) the optimum conditions for oxidising the 
coal substance so as to obtain a maximum jueld of crystalhne acids , (n) the 
isolation and identification of the various acids produced , (m) variations (if 
any) in the oxidation and its products according to the maturity of the coal 
substance , (iv) “ stepwise ” oxidation of the coal substance, with a view to 
discovering possible intermediate products , (v) the effects of progressive 
carbonisation of the coal substance upon the oxidation and the proportions 
of various products therefrom, and (vi) the oxidation of anthracites and various 
forms of charcoal and carbon 

♦ ‘ Eoy Soo Proo A, vol 110, p 537 (1926) 
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la this papci we propose dciihni; print ipally with the (irst tve of these points 
m the light of our work up to date It should be understood that, except when 
otherwise stated, the experiments recorded herein were tarried out with the 
“ residues " from the beuzene-pressure-cxtraction of the coals m question, 
representing betw'eeu 8r) and 98 5 jier cent of the original coal-substance 
in each ease It was dci med advisabh to deal sepatab ly w'lth these “ residues ” 
and the ( orresjumding extracts” although expeuments have shown that 
suth piotediire is mon a matter of convi nieiice than of necessity Indeed the 
original uncxtractcd coal might have bei n employed in each case without 
inattriall> aifecting the lesults, but for our dcsiic to mvcstigatc the oxidation 
of the ” lesidue ” and “ extiacts ” separately 

lb fori procei ding, howevir, to detail the ri suits of oiii fui-ther exjierimenhs, 
we will biiefly indicate their chaiaitci and what wc consnh i to be their bearing 
upm tlie chemistry of toul 

Wc have examined in d« tail (In p rmanganate oxidation of tlie ‘ is sidiiea ” 
from the Isn/ino pi('ssni« extraction of live tvpiud coals of widely different 
gcologiial ages and inatuiitiis, naiiielv (i) Morw'eiJ brown coal from Victoria 
(Australia) of t^ rtiary origin and in an incipient stage of maturity , (u) a 
brown ligiute fiom listevaii in tin piovinci of Saskati liewan (Canada), also 
of tertiary origin but considerably more matured , (ui) a w'lll matured bitu- 
minous uoti coking eoal fioui South Afiica (Witbank) of pemiocaiboniferoiis 
origin , (iv) a fully niatuix'd hard cokiug liitummous coal from tlio ‘ Busty ” 
seam, NW Durham, and (v) a Caiimore coal of sum bituimiious type 
from the Western Cauaiban (Joalfu Id 

All these (oal-residues havt bciii oxidisid giving much tin Nime wiight 
yields of irystalhne organic amis iliufly lonsisting of Ihumuc caiboxylic 
acids, the piojautions of which do not set m to \ai_y mateiially from oiu loal 
to another, togithei with smailei amounts of oxahe and acitic amis This 
would indicati’ thni a loiisiih rable part of the orgaiuc debus oiiginally deposited 
m the incipiint loaltulds cither had or soon acquiiid a lyclic, and probably 
beixzenoid, structuie which has boon piisi rved during the subsequent maturing 
process Otherwise it would bo difficult to account for the remarkable fact 
that we have found the permanganate oxidation of the Morwcll browu coal 
to give much the same yields and types of benzeiioid carboxyhc acids as the 
highly matured ” Busty ” coking coal Heuco it would appear that, whatever 
its chemical nature may have been, the maturing process has not destroyed 
the essential chemical structure of the coal substanoe, however much it may 
have been modified m detail 


2 I 2 
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Wc have found that, under uuitable conditions, the alkaline permanganate 
oxidation of 100 parts by weight of the original coal substance will yield 
something between 3 and 7 parts of acetic acid, from 15 to 35 (but usually 
about 20) parts of oxahe acid, and from 33 to 60 parts of chiefly benzene 
carboxyhc acids of mean composition closely approximating to that of a 
benzene tncarboxylic acid From the last-named mixture of benzeuoid 
acids wc have isolated no less than 10 out of the 12 possible benzene carboxylic 
acids, including all three isomeric phthaUc acids, all three benzene tnearboxyhe 
acids, two out of the three possible benzene tetracarboxyhe acids, and the 
peutacar boxy lie and hexacarboxjhc acids 

Moreover, m the cases of two of the coals examined — namely the immature 
tertiary Morwell brown coal and the well-matured carboniferous Busty coking 
coal— complete “ carbon balances ” cxporimeutally worked out for the oxida- 
tion under optimum conditions showed a very similar distribution of the 
original carbon in the coal substance among the various products, namely, 
approximately 42 per cent as carbonic anhydride, 2 per cent as acetic acid 
7 per cent as oxahe acid, and 48 p< r cent as benzene carboxylic acids in each 
case In each case also about a third of the original carbon ultimately appeared 
as Cj-nngs in the oxidation products 

111 carrying out ‘ step-wise ” alkaline permanganate oxidations of the coal 
bubstance, evidence was forthcoming that complex colloidal “ humic acids ’ 
are formed intermediately, the crystalhne benzcnoid acids and probably also 
oxalic and acetic acids arising simultaneously from their fuiiiher oxidation , 
this was confirmed by other experiments proving that on separate oxidation 
100 parts by weight of such hunuc acids yield some 00 parts of a mixture of 
benzene carlioxyhc acids, 20 parts of oxalic acid, 3 parts of acetic acid and lather 
less than one part of succimc acid Moreover, certam observations load us to 
suspect that the transition from “ humic ” to benzenoid acids may be through 
some crystalline acid of intermediate complexity, although we have not yet 
isolatetl it 

From the fact that the “ residues ” resulting from the bcnzene-pressurc- 
extraction of the coals under investigation constituted fiom 86 to 98 6 jjei 
cent of the ongmal coal substance, and that nearly one-third of the carbon in 
such residues appeared as CVnngs m the products of their alkalme perman- 
ganate oxidation, it may be inferred that a considerable part of the original 
coal substance has a “ benzenoid ” structure 

This, however, is not all , for it has also been proved that (i) from 57 to 
66 6 per cent of the benzene-pressure-extracts of the two immature brown 
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coals examined were composed of phenols and phenolic esters, and (u) at least 
two-thirds of the corresponding extract from the mature Busty coking coal, 
namely, the portion thereof (Fraction IV) which is mainly responsible for its 
coking propensities is also essentially “ benzenoid ” in character 

Much results, revealing as they do that in great part the coal substance - 
no matter what its geological age or chemical maturity, or whether or not it 
IS extractable by boiling benzene under pressure— has an essentially ‘ be nn - 
noid ” stnieture, suggest the possibility of its having arisen through condensa- 
tions of phenolic- and amino- with aldehydic-bodies, much as “ bakelitc '' is 
synthesised nowadays from phenols and formaldehyde 

This suggestion also lu-cords well with the evi<hncc contained in Pait V 
hereof (q v ) that the development during the maturity of thi coal siibstani c 
of the constituents mainly responsible for the loking propensities of bitn- 
niinous coals is marked by the disappearance of the phenols and phenolu 
esters extractable from brown coals and brown lignities,* and it is reinforced 
by the proof now forthcoming that such “coking constituents" are largely 
benzenoid in structun 

It should here be noted that various previous investigators have suggested a 
“ benzenoid structure ” for Iignin,t and that on oxidising, in an alkaline medium 
with air at bTi atmospheres pressure, 1665 grams of the “ Willstatter ” hgnin 
(obtained by treating wood with a large excess of strong hydrochloric acid), 
F Fischer and his collaborators obtained 138 grams of aliphatic (principally 
acetic) and 52 grams of lienzcno carboxylic acids J Moreover, they obtained 
small amounts of benzene carboxylic acids by such pressure-o\idation of 
both brown and bituminous coals, which (they said) points to an essentially 
aromatic structure in them Apparently, however, the significance of such 
results in regard to the constitution of coals has been lost sight of, but in the 
light of ours can hardly now bo doubted 

It IS not difficult to account for the production of benzene carboxylic acids 
by the alkahne permanganate oxidation of the eoal substance (or the “ humic 
acids ” resulting therefrom) Thus 12 3 benzene tricarboxylic arid, for 


example, would result either from such fused nngs as 


A 


„/\ or from 


* ‘ Roy Soc Proo A vol 120 p 623 

t ■ Abhand Kohl®,’ vol 6 pp 132-366 (lft20). and vol 6, pp 1-26 (1921) 
‘ Bieimstofl Chemie,’ voL 2. p 216 
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T I (where H = 'itde chain), etc , while 13 4 benzene tncarboxylic 


11 

acid might remilt from Indeed the profliietion of any benzene 

carboxylic arid ronld he explained on similar lines Also it would be equally 
possible for benzene t iiboxybc u ids to arise b> the oxidation of sni h strintines 
11 

,, a / \ C y \ 

*^1 1 IT I I 

\/ 

The pioduetion of oxnhc aeid might also niise simiiltaneonslv by the oxida 
tion of “fused lienzene rings and/or alkyl side < hams while acotif acid 
obviously would nist liy the oxidition of sidi' t linns 

It must also bo liorno in mind that (is already sliown in prexioiis papers) 
during the inalining process in all piobabilitv the oiganie mattei of broan 
coals has ilso iiikIi rgono “ iiitiunal condensations ’ involving the elimination 
of liotli caibon dioxide and w itei , inoii om r under tin mfliunee of heat 
piodiiecd by igneous intrusion oi exceptional eaitli pusHiiic's m ecrtain eases, 
bituminous coals have lost their roking eonstituents and neiitial oils, thereby 
being converted into “ semi bituminous ’ ty(MS 
More expcnmental exploration of the subject will Iw needed to test it befoit 
sneh views ein be advanced otherwise than t-cntalively for discussion and 
we are undertaking further work with that olijcctivi* Also, we propose 
extending the investigation so as to nuliide eompaiative studios of the oxida- 
tion of celluloses, lignins etc , .is well .is of the oxidation and carbonisation of 
“ bakelite “ nid tlie like 


Kxcfrimfntai 
A — Thi’ Coalit EmjJoyetl 

Although some details regarding the coals employed have already been given 
in previous papers of the series, the following may bo repeated here as being 
essential to the proper understanding of this new work It should bo under- 
stood that, except when otherwise stated, the following analytical data refer 
to the dry-ashless coal substance or “ residue ” in each case 

(1) Morwell Brmm Coal —A tertiary earthy brown coal in a very early 
stage of development from the uppermost bed of the famous Morwell deposit 
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m Victona (Australia) containing about 50 per cent of water and 4 per cent 
of ash m the raw state The dry-ashless coal-substance contained — 

C = GO 4, H — 4 1, N and S — 1 0 and 0 = 28 5 per cent , 
and at 900° C yielded 53 3 per cent of “ volatiles ” On being extracted with 
benzene at pressures between 40 and 48 atmospheres (corresponding with 
temperatures Ix'tween 250° and 280° C ) it yielded altogether ] 5 per cent of 
“ extract,” namely, 9 0 per cent of phenols (among which phenol, p-cresol 
and catechol wore identified), 1 per cent of phenoln esters, 3 5 per c< iit of 
“ neutral oils ’ and 1 5 pi'r cent of amoiphous soluls insoluble m light 
petroleum 

The drj -ashless “ residue ” as used m our present experiments contained - 
r = 71 2, If = 3 75, N and S = 1 0 and O = 21 05 per cent 

(2) E^tevan Bmtm Lignite — A typical brown lignite, more matured than 
(1) from the top 7 foot seam of the Estevan (’oal and Buck Company, 
S Saskatchewan The raw coal (as received m our laboratories) contained 
37 8 per cent water and 7 65 pei cent of ash The ‘ di y ashless ” coal 
substance contained 

0 = 07 75, H = 4 3, N = 0 95, S = 0 6, and 0 — 26 4 jier cent , 

and at 900° 0 yielded 44 9 per cent of “ volatiles ” On benzene-pressure- 
extraction, as aforesaid, it yielded altogether 4 5 per cent of crude extract 
comprising 2 25 of phenols (principally phenol, p-cresol and catechol) 0 1 of 
phenolic esters, 1 65 of “ neutral oils ” and 0 1 of solid amorphous bodies, 
there being a close similarity between the crude extract and its components 
and those obtained from the Morwell coal The dry-ashless “ residue ” used 
in the present experiment contained — 

= 71 5, If = 3 65, N and S = 1 0, O = 23 25 per cent 

(3) Busty Colmg Coal — A typical well-matured carboniferous hard- 
coking bituminous coal from the “ Busty ” seam m Langley Park Oollierv, 
CO Durham The dry coal contained 3 45 per cent of ash, and the ” dry- 
ashless ” coal substance contained — 

C == 87 75, H = 5 0, N I 65, S = 0 76, and 0 = 4 95 per cent , 

and at 900° C yielded 26 6 per cent of “ volatiles ” On benzene-pressure 
extraction, as aforesaid, it 5 nelded altogether 15 6 per cent of crude extract 
which, in addition to neutral oils and small amounts of resinous bodies, was 
two-thirda composed of amorphous coking constituents (Fraction IV) the latter 
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replacing the phenols and phenobc eaters found m the correspondmg extracts 
from the brown coals The dry-ashless “ residue ” used m our present experi- 
ments contained — 

C = 85 65, H = 4 4, N and S = 2 35, "and 0 = 7 6 per cent 

(4) 'W%tbanX Coal — A non coking bituminous coal of pcrmocarlionifcrons 
origin from the upper portion of the No 2 (or main working) seam of tlie 
Coronation Colliery, Witbank, E Transvaal, South Africa The dry coal 
contained 10 35 per cent ash , the “ dry-ashless ” coal substance contained — 

C = 81 75, H = 4 5, N = 2 0, S = 0 55, and O =_ 1 1 2 per c ent , 
and at 900° C it yiekh'd 27 6 {ler cent of ‘ volatiles ’ and an absolutely non- 
coherent powder On ben/ene-pressure extraction it yiekh'd 7 5 pc r < ent 
of crude extract, and the dry-ashless ‘ residue ” contained — 

C 79 4, H = 3 6, N = 2 0, S = 0 C, and 0 = 114 per cent 

(5) Canmore Coal from a scam m the lower cretaceous formation of the 
extreme western part of the W Canadian Conlhcld Under the sticss of 
mountain building subsequent to its formation, the coal had been converted 
into a non-coking “semi bituminous” type contaimng (“ drv-ashless ”) — 

C = 89 7, H = 4 0. N = 1 4, S = 1 0, and 0 = 3 9 per cent 
and yielding at 900° C 14 1 per cent of “ volatik's ” On benzene pressure- 
extraction it yielded only 1 35 per cent of crudo extract, the ultimate com- 
position of the ashless “ residue ” being substantially that of the original “ dry- 
ashless ” coal 

B — Thnr Permanganate Oruhtion 

Seeing that the benzene-pressure-extracts from all the foregoing coals had 
been fractionated and examined in detail, as already described m Part V hereof 
(q V ),• it was decided to employ only the so-extracted “ residues ’ in the mam 
permanganate oxidation experiments, because these ' residues ” comprised 
by far the greater part, t e , from 85 to 98 5 per cent of the coal substance 
And having regard to the purpose of our researches namely, the elucidation 
of the chemical constitution of the principal coal substance, it seemed advisable 
to oxidise these “ residues ” apart from the corresponding ' extracts,” leaving 
the latter to be dealt with separately as a subsidiary part of the problem 
Accordingly it will be understood that in the experiments now to be described 
only the benzene-pressure-extracted residues of the coals in question were 
used 


* hoc, CU, 
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RdcUtve Proportions of KMnOJCoal Substance used — When either a dry- 
coal or its “ residue ” after benzene-pressure-extraction is submitted to an 
alkaline permanganate oxidation according to our method, it is important first 
of all to determine the relative proportion of KMnO^/coal substance to be 
used This will obviously depend partly upon the ultimate elementary com- 
position of the material under investigation, and partly upon the extent of the 
desired oxidation 

It may be recalled that in an alkaline permanganate oxidation two moleeules 
of KMnO^ yield three atoms of oxygen plus hydrated inanginese dioxide, i i / , 
JKMnO^ I IHaO — >KOH 1 - L'MiiOfOH)^ + SO 

In any particular case dependent upon the ultimate eomiKisition of tlif 
(oal substance used, there would be a certain theoretic a1 proportion of the 
potossmm permanganate which would just suffice in an alkaline solution to 
oxidise the whole of the organic matter completely to carbon dioxide and water 
if such wi re possible This may lie conveniently termed the ‘ thcoretiial pio- 
jKirtion ” and is denoted in the text by the expression KMn04 (theoretical) 
In point of fact, however, such a complete oxidation is never reached when the 
proccas is carried out according to our procedure (911 ), there being alwa>s a 
dehnite erul point ” corresponding with a KMn04-proportion which may be 
conveniently referred to as KMn04 ep proportion There is also in each 
partu ular case another KMnOi-proportion which it is desirable to determine 
experimentally, namely the minimum actually needed to oxidise the whole of 
the roal substance to crystalline acid products without leaving any (olloidal 
acidic bodies which will always be referred to as the KMn04 c 0 proportion 
in each case In our principal experiments we usually employed a jiroportion 
intermediate between the ep and the ca proportions For the original 
‘ dry coals ’ and their dry ben/ene-preasiire extracted residues respectively, 
the foregoing KMn04/coal weight ratios would be as follows 


— 

Theoretital 

calmdsted 


found 

Arlually 

Morwell residue 

12 0 

10 0 

7 6 

8 2 

Gatovan reaidue 

12 » 

11 7 

« 4 

9 n 

Bu»ty residue 

10 9 

n 7 1 

8 6 

n 8 


We have found that, by employing a proportion of KMn04 intermediate betw'een 
the c a and e p proportions, the whole of the coal Bubstance in any case may 
be oxidised so that substantially the whole of its carbon is transformed into 
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a mixture of carbomc, acetic, oxalic, succinic and hcn/cne carboxylic acids, 
the first and last always being the mam products 

When, however, the proportion of KMn ()4 used m relation to the coal sub- 
stance IS progressively diminished below the c a limit, not only may complex 
colloidal acid product,s (“ humic acids ”) be added to the other oxidation pro- 
ducts, but also some of the coal siilistanco may remain imoxulised 

As already stated in our introduction, and will be proved later, the “ humic 
acids ” referred to in the preceding paragraph are intermediate oxidation 
products between the otigmal coal substance and the benzene carboxylic 
acids, because we have found that these latter normally result from a properly 
regulated alkaline permanganate oxidation of the “ humic acids ” Also, we 
have some grounds for suspecting that the passage from the humic to the 
benzene carboxylic acids may not be direct, but possibly through some inter 
mediate crystalline acids more complex than the latter which we have 
not yi t been able to isolate Tins point, howi ver, is reseived for future 
investigation 

A Typtcal Oxulatinn Ejriyrnmfnt — In our preliminary experiments desciibed 
m Part IV hereof (q v )* the pei manganatc' oxidation was earned out in a 
strongly alkaline medium m an autoclave Starting at 70" f’ the process 
always became so vigorous that the tempi latiire of the sjstem would rise 
automatii ally to anything between 140'’ and 175'’ , coi responding with 

pressures m the latter case as high as 140 Ihs per scpiare inch 

In later experiments, however, we have obtained better yields of crystalline 
organic acids by working at atmospheiii pressure so that tlu' temperature does 
not rise beyond the boding point of the li«[md medium thereat We will 
now describe, ns a typical example, the procedure adopted m the case of the 
benzene pressure-extracted residue from Morwell Brown Coal 
607 grams of the dned and finely pulverised coal “ residue ” (t c , equivalent 
to 478 grams of “ ashless ” residue) were suspended in open vessels contaimng 
14 6 htres of wrater in which 346 grams of potassium hydroxide had been 
dissolved The temperature of the medium having been raised to between 60° 
and 70° C , 3896 grams m all of potassium permanganate were gradually added 
to it t The external heating was continued until the temperature of the 
medium had risen up to its boding point, a condition usually attained after 

* hoc CU 

t Later on m the research it was found that an oven smoother oxidation resulted on 
using an alkah/ooal ratio of 1 6 and adding the said proportion of the permanganate quite 
slowly as a solution at the temperature stated 
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between ono^quarter and one-third of the total permanganate had been added 
For some time thereafter the heat developed by the reaction sufheed to keep 
the liquid boiling at atmospheric pressure , but after about three-ipiarters of 
the whole permanganate had been added, it became necessary again to apply 
heat externally in order to maintain it so The whole operation of adding 
the permanganate usually extended over 2 to 3 hours 

The heating was ( ontmued aft^^i the last addition of the permanganate until 
its colour had bei n discharged , wheieupon the precipitated mangancite hydroxide 
was removed fiom the hot medium by filtration, and the gelatinous mass 
of the liydioxide subsequently will pressed and thoroughly washed and 
extracted witli lioihng water 

The icsulting ihar alkaliuo solution (i e , filtrate plus washings, etc ) having 
been concentrated liy evaporation to a convenient bulk, an amount of sulpliunc 
acid (suitably diluted) theoretie-ally lequired to conviut all the potassium 
present into sulphate was gradually added, care being taken to prevent escape 
of any volatile oiganie acid (e g , acetic acid) during the operation, which was 
maikc d by a i opioiis i volution of csirbon dioxide The resulting acid hquid so 
produced was luxt steam distilhd for runoval of any volatile organic acids, 
and the latter then recovered fiom the distillate by suitable means, which 
need not be here described 

Tin solution of non volatile acids was finally evaporated to dryness m a 
steam bith, and the hygioseopic rc*sidue of potassium sulphate plun organic 
acids was then ground to a suitable degree of fineness, dried at 80® C , and 
a pressure of nrca one-fiftli atmosphere and finally extracted with (a) other 
and (6) acetone successively in a Hoxhlet apparatus 

The I rude mivinre of non yolitile ai ids lecovered in the usual way from the 
“ diied ( thereal or ac< tone solution foimed a pale yellow to yellowish- 
brown crystalline mass wliic U was afterwaids siibji cted to prolonged investiga- 
tion with the object of isolating and identifying its pruuipil i onstituents 
This crude mixture of a< ids contained a small piopoilion of oxala u id whu h, 
however, was siibsoqiiontly estimated and removcil bv suitxlih means 
The residual potassium sulphate after the foregoing extraction still contained 
the greater part of the oxalii ac id proiluccd by the oxidation , it was therefore 
dissolved m water and the oxalic acid recovered from the solution as calcium 
oxalate and finally converted mto its methyl ester 

Yxdds of (kndcUion Products — ^The following figures will give an idea of the 
yields of the various acids already referred to obteined m typical oxidation 
experiments with the coal residues imder investigation , they are given as 
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parts by weight formed by 100 parts of the dry-ashless coal residue used m 
ecwsh case 

j Parl^ Jiy weight per 100 of toal nwiduc 

Dtidation of itaidne from 1 i | 

I Volalilr aeelif Oxalic ( nidc bcnzonoitl 

I luid, rt) I add ( w ida 

13 2 
47 3 
41 8 
40 0 
43 1 


Morwcll brown < oal 
Eatcvan brown hgmt< 
Buaty > oal 
Witbank ” coal 
Canmore i oal 


4 11 10 3 

U 8 21 4 

3 3 20 8 

fi 0 15 « 

32 35 35 


It should be noted that (i) the term aietu acid ” m tlie foregoing possibly 
may have incliidid small proportions of higher fatty at ids, although none were 
ever actually found m the steam volatile ” monobasic aeuls (n) that tin 
‘ oxalic acid ” was quite pure and anhydrous, and (in) among the i rude 
benronoid acids ” in tlu* third column, whu h consisted almost whollv of ben/i ne 
carlioxylic acids, might be included incousidcrablt amounts of succinic and 
m some cases Indeed no other aciclH than these were ever detected or isolated , 
for although we had rather expected to hncl some adipic acid among the 
oxidation products, we never actually did 

The Mixture of ('rude Bemeimd And', 

Ultimate analyses of the crude lien/euoid acids” (almost freed from 
oxahe aoid in each ease) ohtained hy the oxidation of the benrene extracted 
‘ residues from Morwell Brown ('oal and Busty (.'oal, lespietivcly resulted 
as follows — 



Morwtll ’ 

‘ Bunty ’ 
acide 

Mean 


Per cent 

Per rent 

Per cent 


50 0 

4» a 

50 25 

Hydrogen 

3 25 

2 fl 

3 07 

Oxygen (by diRerence) j 

45 85 

47 5 

40 58 

Ratio C/H 

16 7 

17 J 

16 4 


The foregoing hgurea accorded well with the subsequent detailed examination 
of the crude acids, which resulted in the isolation of nothing but benrene 
carboxylic acids whose equivalents and ultimate compositions are shown in 
Table I The figures pertaimng to oiir crude benzenoid acids- which it will 
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Table 1 ~ -Showing Ultimate Compositions of Acids 


Aud 

Kqui 

valeui 

Carbon 1 

Hydrogen 

Oxygen 

Ratio 

t'/H 

Ratio 

C)/H 

Ikii/t-iu Uicurboxylic 

8J 

por cent 

67 8i 

por cent 

3 64 

percent 

J8 54 

16 

10 7 

Btii/(no Iricurlxixylit 

70 

51 41 

2 85 

45 74 

18 

16 

BouzinL tctmiHrboxylic 

lO o 

47 26 

2 JO 

50 JO 

20 

21 1 

Betitcnc ptnt«w-arbiixyli<. 

3U U 

44 30 

2 01 

oJ 60 

22 

20 7 

Jlinzenc hrxiiLarboxylii 

o7 

42 10 

1 70 

56 15 

24 

12 

Oxalic 

ll 

20 05 

2 22 

71 IJ 

12 

J2 

biuuiuc 


40 07 

5 08 

JJ 25 

8 

10 I 

blutauu 

»H1 

46 45 

0 05 

48 50 

7 5 

8 

Adipic 

71 

40 JO 

0 10 

44 35 

7 2 

0 4 

Azelaic 

SO 

62 60 

7 50 

40 00 

7 0 

5 1 

SnUinc 

87 

55 20 

8 00 

J6 75 

6 85 

4 6 

(H, CUUH 1 







(*H COOH 1 

'(8 7 

40 00 

4 61 

61 51 

0 

12 

1 H COOH J 







CH, (OOH "I 







(Ul COOH) 1 

>8 5 

41 OJ 

4 27 

54 70 

0 6 

13 

i‘H, COOH J 







CH (OOH ■ 







(In C00H)3 . 

08 4 

41 10 

4 11 

54 70 

10 

IJ J 

CHj ( OOH 







CH, (OOH ' 







(Ih COOH), 1- 

58 J 

41 14 

4 00 

54 86 

10 J 

IJ 5 

(!h, COOH 







CH, < OOH • 







(CH COOH), . 
in, COOH 

58 1 

41 18 

3 02 

54 00 

10 5 

14 0 

CH, COOH • 







(in COOH), . 

COOH 

68 2 

41 20 

3 80 

54 94 

10 7 

14 2 
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be seen were v t>ry near to those for benzene tncarboxyhc acid— should also 
b( compand with lliose for the di- and tn-ba«ic saturated open chain acids 
included m the table, when it will be scmmi also that the C/H ratios found for 
the nude acids wen fai higher than would bo required for any mixture of 
the foregoing open-chain lu ills 

Tin “ eqiiivakiits ” of the ‘iiiidt bciiiSeuuid acids’ obtained from the 
‘ Moiwell ” and Busty coals were found to be 77 5 and 76 7 i-espectively, 
or rather higher than thi> 70 tlnoutically r((|uiicd foi a benzene tricarboxylic 
acid, to whiili the mean ultunate composition of tin crude acids closely 
approximate d This led us to siispe ct llie pre se net aiiiong the ciude acids of 
a small proiioitiou of some crystalline atid more comph \ thin mi) benzine 
carboxylic .icid, it, of some crystalline leid coal oxidation product uitcr- 
uiediate bet we in the lolloidal humic amis” and the crystalline Isnzenc 
caiboxyhc acids This suspicion was cnnhimed when it was siibseeiueiitly 
found that on submitting the i rude he n/e>noiel acid nii xtiire to the action of 
warm alkaline permanganate some shght oxidation oteurrod, and on the 
crystallme acid being reooveicd almost ejiiaiititative l\ itii c((Uivalent ” was 
found to have fallen to 71, oi almost to that reejimcd foi beuzcin tncarboxyhc 
acid 

In this connection it should pirha|)s be mentioned that trial ixpenments 
had shown that, when pure, neither oxalic aciel nor any of the* bi'iizcne carboxylic 
acids underwent appreciable oxidation on being Imiled witli alkaline pennan- 
ganate solution of thi strength employed duimg this research 

Therefoie, from the analytical results obtamcel with the nude benzeiioid 
acids we think there can be httle doubt but that- apart from their pissibly 
containing some trace of oxahe acid, up to I per cent of succmic aciil, apd 
jirobahly also small amounts of some much more complex irystalhue* acid of 
benzenoid type intermediate between them and colloidal “ hunuc acids ’ — 
they were almost wholly composed of benzene i arboxylic acids of mean com- 
position closely approximating to that of a benzene tricaiboxyho acid 

Carbon Balance of the Oxidation - Besides determimiig tlie weight yields of 
the principal orgamc acids produced durmg the oxidation, we earned out 
special experiments each with 10-gram portions of dry “ residues ” from the 
b( nzene-pressure-extractiou of the “ Morwell ” and “ Busty ” coals with the 
object of determimng the distribution of their carbon contents among the 
various oxidation products Care was taken not only to use a high KOH/Coal 
ratio (16), but also to add the permanganate very slowly and as a solution to 
the alkahne medium m which the coal substance was suspended, such being 
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tho coudifcions most conducive to smooth working We were thus enabled to 
account for practically the whole of the , original carbon in each case, as the 
following figures indicate — 


OnKiUttl ttti 
HulHtaniu ti 


CarboDio anhyilrid 
Acetic acid 
DxaUo acid 
Succinic m id 
Bcuzenoid acidH 

Tctal act. 



Murwrll 

1 Busty 


IVruml 

Percent 


41 1 

12 4 


7 7 

U 1 



Nil 


17 1 

18 8 


9« 7 

99 4 


That two coals so ddfount iii geological .ig< , g< ographic il iHciuroHt and 
c hemical matuiity as tin sc arc - the one an immature tertiary biovrn coal from 
Australia and the other a well matured Durham bituminous coal of taiboiu 
ferous origin— IS indeed very lemarkablc, showing as it does tho isscntial 
constancy of tlie chemical structure of the mam “ i oal substani i ” notwith- 
standing difTerinees in giological age and raatuiity 
Also, seeing that in each taiso the ultimate composition of the mi xture of ci iide 
benzcnoid acids closdy approximated to that of benzene tncaiboxylic acid, 
two-thirds of whose carbon atoms form the benzene ring, it may be cone hided 
tliat in each case nearly one tlurd of the caibon originally present m the coal 
substance appeared as C'e-riugs m the oxidation products 

Detailed Investigation of the (Jtganu leids, pioduccd bg the Osidation 
The detailed investigation of the coniph x mixture of ai ids proelutcd by Ihc 
oxidation was a long, diflicult and laborious matter, but eventually it was 
completed m the case of three of the coals investigated , in the other tw o 
cases it was taken sufhciently far to show that, had it bec'ii completed, the 
results would not have differed materially from those in tho other three 
cases 

The procedure adopted varied somewhat m different cases, and to describe 
it all in detail would serve no useful purpose We will, therefore, take the 
case of the Morwell coal oxidation auds as typical, and outhui the procedure 
adopted m examimug them , it may be assumed that in principle similar pro- 
cedures were adopted in other cases 
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Ojs%dat%<m Pnxlucts front MorweU Coal — ^The general procedure la shown dia- 
granunatically as follows 


COAL Btsinur 

OXlDIStn WtTH AUALIME fCKMANOAHATE 


ALMLINC riLTRATE 



Fust of all, any ‘ volatile ” atids present (practically all acetic aad) were 
removed by steam distillation as already described The distillate was then 
neutralised with sodium hydroxide, and the solution of sodium salts obtamed 
evaporated to dr 3 Tie 88 The dry salts wore then treated in suspension in 
ether with phosphorus pentachlonde, and the resulting acid-chloride solution 
was treated with an ethereal solution of p-toluidme The p-tolmdides so 
formed were subsequently fractionally crystallised from a suitable solvent 
As only acet-jI^tolmdlde (found m p 147 6“ C , C = 72 88, H = 7 7 per cent 
required for CoHnON, m p 147 6° C , C = 72 47, H = 7 38 per cent ) could 
be isolated, it was concluded that the “ volatile acids ” were almost entirely 
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oompdsed of acetic acfid The satae affpUed to the oxidatum products of all 
the other coals examined, the yields of acetic acid varying between 2 and 7 
per cent of the weight of coal substance originally taken 

The aqueous solution of the “ non-volatile ” acids film potassium sulphate 
having been evaporated, and the residue dned under reduced pressure, it was 
powdered and then thoroughly extracted with (o) ether and (6) acetone 
successively In drying the residue care was taken to ensure the elimmation 
as far as possible of water of crystallisation from any oxahe acid present, because 
of C{H 204 2H]0 being much more soluble in ether than the anhydrous acid 
Provided such precautions were taken, most of the oxalic acid was left un- 
extracted, though a httle passed into solution The unextracted oxalic acid 
was subsequently separated out as calcium salt CaCj 04 HjO which, after 
re-precipitation from acetic acid solution was finally converted into the methyl 
ester, and the last-named identified by its meltmg point and a mixed melting 
point with an authentic specimen of methyl oxalate The calcium salt was 
also analysed (Ca = 27 26, as compared with the theoretical 27 43 per cent ) 

The mixture of ether and acetone extracted non-volatile acids was cooled to 
0° C and dissolved in a similarly cooled concentrated solution of ammonium 
hydroxide (0 880), the operation bemg earned out in well-cooled vessels at a 
low temperature In this way ammomum melhtate together with (may be) 
a httle ammonium oxalate (both of which are sparingly soluble in strong 
ammomum hydroxide at 0° C ) separated out from the other much more 
soluble ammomum salts This procedure was found to be an excellent way of 
freeing the ether soluble acids from any oxaho acid which they might contam, 
the amount so present depending on the extent to which the oxaho acid had 
been dehydrated before the ether extraction Indeed we found that either 
nearly all, or only part, or even none of the oxalic acid may appear in the 
ether soluble acids accordmg to the thoroughness of the previous drymg 
operation 

In oases where the previous drymg had been completed, the insbluble 
ammomum salts were found to consist mainly, if not wholly, of ammonium 
melhtate (benzene hexacarboxylate) , albeit m cases where ammoma gas 
had been passed into the cold hqmd to replace that lost by evaporation 
during the operation desonbed m the previous paragraph, some ammomum 
benzene pentacarboxylate might also have been present It was found 
inadvisable to allow the insoluble ammomum salts to become too dry for fear 
of Bune mude formation 

The sdution of soluble ammomum salts was first boiled until free from excess 

voIh oxzvn —A 2 k 
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of ammonia, and then cooled and exactly neutraliaed with ammonia Dnnng 
the boiling not only was all the free ammonia expelled, but also soma more 
was ebminated owing to partial dissociation of ammomum salts , hence the 
need of subsequent exact neutralisation of the cold solution To the cold 
neutral solution of ammonium salts was added shght excess of a solution of 
silver mtratc, whereby insoluble silver salts were precipitated These were 
separated by filtration, washed with water and then dried The dnwl mixture 
of silver salts was subsequently converted mto methyl esters by refluxing 
them with excess of methyl iodide in dry ethereal solution 

The filtrates and washings from the so precipitated insoluble silver salts 
were found to contain m solution small amounts of silver salts which, however, 
on subsequent examination were found to be the same as the precipitated silver 
salts, and merely representmg the small unprecipitated part thereof, the silver 
salts as a whole being very “ sparingly soluble,” but not absolutely insoluble, 
in water 

The mixture of methyl esters obtained from the precipitated silver salts 
consisted of both neutral and acid esters ; these were separated by the usual 
method, any acid ester subsequently converted as far as possible mto neutral 
eaters, via silver salts -|- methyl loihde Finally, having got them for the 
most part as neutral esters, the latter were fractionally distilled under as low 
a pressure as possthie (starting at 13 and finislung up at 1 mm ) sonie of the 
fractions Iwmg subsequently refractionated The “ fraitioiiatiou stheme” 
IS detailed on p 494 and need not be further described It will 1 m< noticed that 
the successive fractious distilled over a temperature range oommeniing at 
40° (’ (p — 12 to 1 3 mra ) and extended up to 200° 0 (p - 3 mm ), the dis- 
tillation being stoppeil at tliat temperature for fear of decomjKmition setting in, 
leaving a residue, usually amounting to about one-fifth of the whole, which 
had not distilled over 

The various successive ester fractions, as well as the residue so obtained, were 
all submitted separately to close investigation In some cases, methyl esters 
crystallised out and could be isolated, purified, analysed and separately hydro- 
lysed to the corrospondmg acids Otherwise the ester fractions and/or 
uncrystallised parts thereof were separately hydrolysed to the corresponding 
acids which were then recrystallised ficom suitable solvents (usually mixtures of 
acetone and chloroform, but occasionally either dry ether or other media) 
and afterwards identified by (a) meltmg pomts, ultimate analyses and 
determinations of “ equivalents,” (6) direct comparisons with authentic speci- 
mens, mcluding “ mixed melting pomts ” wherever possible, (o) conversions 
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into crystalhne methyl esters, and subsequent analyses and comparison thereof 
with authentic specimens 

It should be stated that the silver iodide precipitated during the esterifica- 
tion of the mixed insoluhle silver salts by means of methyl iodide was always 
boiled with hydrochloric acid solution with a view to hydrolysing and removmg 
any esters adsorbed therein Any acids so obtained were subsequently re- 
converted into their neutral methyl esters which were added to, and fractionated 
with, the mam bulk of the methyl esters 

The foregoing procedure, together with the isolation, purification and 
identification of the various acids resulting therefrom, necessarily occupied 
several months in each case , but eventually, in the case of three of the coal- 
residues under investigation, it was successfully earned to completion, every 
part of the and oxidation product being thoroughly examined It may be 
that, notwithstanding the searching diaracter of the investigation and all 
care bestowed upon the various operations involved, some constituents of tlie 
acid products were overlooked , but we think that at any rate all the more 
important and conspicuous acids present m the crude oxidation products were 
identified as far as was possible in the oiroumstances 


Acids isolated from the Oxidation Products of Moiwell, Estemn and Busty 
Coal Residues 

The list of acids actually isolated, purified and identified in the three cases 
where the investigation and refinement of the crude oxidation products were 
completed was as follows* - - 


• For readem unfamiliar with the nomenclatute of orgamc acids it may bo explained 
that — 

Phthalio "I r ortho'l 

Isophthalio V acids =>■< meta V benzene dioarboxylio acids, respectively 
Terephthalio J [^para J 

Hemimerntio acid 1 2 S'] 

Trimellitio acid =>124 ^benzene trioarboxyUo acids. 

Tnmeaio acid = 1 3 6 J 

z\\\ 

MeUitio acid = benzene hezaearboxyUo aold. 


2 E 2 
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Oxidation of residue from — 


Estevan brown lignite Busty cokmg coal 


Morwell brown coal 

Carbonic anhydride 
Acetic 
Oxalic 
Succinic 
Phthalic 
Isophthalic 
Terephthahc 
Hcmimelhtic 
Tnmellitic 

Mellophaiuo 

Pyromelhtio 

Benzene-penta- 

carboxylic 

Mellitic 


Carbonic anhydnde 
Acetic 
Oxalic 
Suc( inic 
Plithahc 
Isophthahc 
Terephthahc 
Hemimellitic 
Tnmellitic 
Tnmesic 
Mellophamc 
Pyromelhtio 
Benzene-penta- 
carboxylic 
MeUitic 


Carbomc anhydride 
Acetic 
Oxalic 

Phthahc 

Isophthahc 

Terephthahc 

Tnmellitic 

Mellophamc 

Pyromelhtic 

Benzene-penta- 

carboxylu 

MoUitic 


The accompanying Table II summarises how each acid was identified 

It was thus proved that on oxidation all these coal residues had yielded 
carbonic anhydnde, acetic, oxalic, the three phthalic, tnmelhtic, p 3 Tromelhtic, 
mellophamc, benzene pentacarboxybc, and mellitic acids , that two others 
had also yielded both succinic and hemimelhtic acids , while the Estevan 
coal residue had yielded tnmesic acid in addition to all the others Indeed 
from one or other of the three coal residues there had been obtained every 
poBsitle benzene carboxylic acid except benzoic and the 1 2 3 4 tctra- 
carboxylic acid, while the Estevan residue had yielded every one of the ten 
benzene carboxyhc acids actually obtained And, with regard to the yields, 
it may be said that some 1 7 to 3 8 per cent of the carbon m the original coal 
residues appeared as acetic acid and some 6 to 8 per cent as oxalic acid , 
that the proportion appearmg as succinic was undoubtedly small, so far as 
could be judged not more than 0 8 per cent of the whole , and that something 
between 45 and 50 per cent appeared as benzenoid acids, although it is difficult 
to say which of them predommated 

As already stated, it is impossible for us to say whether any other acids 
present m the oxidation products had escaped detection and isolation during 



Table II — ^Acids obtained by the Alkaline Permanganate Oxidation of Morwell, Estevan, and Busty Coal Residues 
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The methyl esters referred to 
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the long and tedious sonos of operations involved m our cxamiuatiou , but 
even if some did we feci sure that the quantities would be quite small And 
wo think it sigmficant that, with the exception of a small proportion of succinic 
in two cases, nothing but benzene oarboxyltc acids were isolated from the 
oxahc-free mixture of the ether and acetone-soluble non-volatilo acids, the 
mean ultimate composition of which (q v ) approximated to that of benzene 
tricarboxyhc acid Moreover, it should be noted that no acid contaimng more 
than one Cg-riug was ever isolated 

We therefore feel juatihed m concluding that by far the most part of the 
oxahc-free, ether and acetone-soluble non-volatile acids were benzcnoid 
acids , and seeing that these represented some 46 to 60 per cent of the carbon 
onginally contained m the coal residue treated {which “ residue ” = from 86 
to 98 per cent of the whole coal substance), the significance of this fact in 
regard to the chemical constitution of coal scarcely needs emphasising 

Ejximtnation of Che Crude Acids obCatited by the OudMion of the WUbatik 
and Canmore Cod Residues 

The permanganate oxidation of the benzene-pressure extraction residues 
from Witbank and Canmore coals was carried out in much the same way, 
and with much the same results, as m the three previous oases 
It was not considered necessary, however, to examme exhaustively the 
cnide acids obtamed, but only so far as was needed to ostabbsh their essential 
similarity to those obtained from the three coal residues previously investigated 
Following much the same procedure os that already outlined, from the crude 
oxidation products of the Witbank coal residue acetic, oxalic, phthahe, 
mellophamc, pyromelhtic, benzene pentacarboxyho and melhtic acids were 
isolated and identified, while the crude oxidation products from the Canmore 
residue were found to contain {inter dta) acetic, oxalic, phthahe, terephthahe, 
mellophamc, benzene pentacarboxyhc and melhtic acids There can be httle 
doubt of the practical identity of the oxidation products from these two coal 
residues with those previously derived from the Morwcll, Estevan, and Busty 
residues 

Step-vnse Oxidation of the Main Cod Substance 
Havmg thus detenumed the nature of the complex acid products derived 
from the alkahne permanganate oxidation of typical coal leadues, when the 
KMn 04 /Coal weight ratio was somewhere between o a and e p {vide p 487) 
it now seemed of interest to explore what would happen if and when the 
KMnOi/Coal weight ratio were progressively rednoed downwards staztmg 
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from a point just below the c a ratio and contmumg until it had reached 
unity 

With suoh object m view a senes of experiments was made with the 
“ residues ” from Estevan and Busty coals, respectively The general 
method employed was to oxidise a given weight (10 grams) of the pulverised 
coaLresidue, suspended in an alkahne (KOH) solution of proper strength, by 
means of a variable weight ratio of the potassium permanganate, the operation 
being started at about 70° C but chiefly conducted at the boiling point of the 
medium at atmospheric pressure The acid oxidation products were subse- 
quently recovered and separated into steam- volatile (acetic) acid, oxahe acid 
and ether- and acetone-soluble acids, much as in previous cases , but beyond 
satisfying ourselves that the ether- and acetone-soluble acids were essentially 
ben/enoid in character, they were not further investigated The weight 
yields of each category of acids were, however, always determined 

It was found possible in each case to find a “ critical ” KMnO^/Coal ratio 
(somewhere above 8) at which all (or nearly so) of the coal substance could 
be oxidised to carboiuc anhydride and crystallme organic acids only, without 
the formation of any colloidal humic acids, but so that on dimmution of the 
KMn 04 /Coal ratio the last named appeared m the products 
In carrying out our experiments with the said “ critical ” KMiiO|/('oal ratio, 
the latter was progressively dimimshed m successive experiments until it fell 
to unity And in each case, the proportions of the resulting (i) uuoxidised 
loal residue (ii) humic acids, (in) acetic, (iv) oxahe, and (v) ether- and 
acetone-soluble {“ benronoid ”) acids were determined 

Without going into unnecessary details, the following arc the tabulated 
summarised results of these experiments — 


(a) With Estevan Coal residue 




Weight yields per 100 of coal si 

ihstance taken 


h-MnO^/Ooul 

Um hanged 
coal 

Mubstance 

Humic 

Beiuscnoid 

Oxahu 



acids 

acids 

auid 

acid 

8 25 

Nil 

1 46 

60 2 

21 4 

6 e 

7 0 

3 9 

4 0 

54 9 

19 2 

4 8 

5 0 

6 6 

87 0 

33 6 

12 4 

3 8 

3 0 

20 9 

45 3 

24 6 

6 5 

! 3 1 

X 0 

52 2 

27 9 

18 2 

1 2 

3 4 

NU* 

92 7 

10 4 

3 4 

Nil 

1 6 


* This blank experiment was made to aaoertain tlw eSeeto of suspending the coal substance 
in a boiling alkali-solution of the same strength as that wed in the experiments. 
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(b) Witii Busty Coal residtie 



Weight yields per 100 of cost residue Ukeu 

KMnOJCoai 

ratio 

Uiicbniigcd 

substaucc 

Humiu 

Bonicnuid 

Uxslio 

Aoetic 


.«ldH 

*CKl« 

uuid 

avid 

8 1 

t 4 

Nil 

4« 8 

17 0 

2 U 

7 0 

10 8/1 

19 1 

/>! 0 

20 0 

2 1 


12 4 

24 1 

15 1 

13 2 

2 4 

3 0 

5U 1 

27 8 

21 0 

8 0 

1 9 

1 0 

81 9 

10 9 

U 0 

1 OS 

0 9 

Nil 

loo 0 

Nil 

Nil 

Nil 

Nil 


It 18 thus seen that not only an (.ulioulal “humic acids” mtcimciliatcly produced 
dunng the permanganate oxidation of the coal substance, but m the case of 
an immature brown coal some may be present originally 
In order better to view the foregoing results m the proiier twrapcctivo, 
however, it is advisabk to disregard the “ unchanged coal substance ” remain- 
ing after each experiment and to express tht mill terms of the “ coal substance ” 
actually changed in each case , and this is shown in the following tables — 


(c) With Bstevan Coal residue 


KMnOj/Coal 

ratio 

I Weight yields per 100 i 

Ilf oust aubstanco oxidised 

Humio 

Benzenoid 

Oz^o 

sold 

8 25 

1 46 

60 2 

21 4 

8 6 ' 

7 0 

4 16 

67 16 

20 0 

6 0 

6 0 

39 2 

36 66 

13 1 

4 0 

3 0 

07 2 

dO 9 

6 8 

J 9 

1 0 

68 4 

38 1 

2 6 

7 1 


(d) With Busty Coal residue 


Weight yiekb per 100 of coal aubslanoe oxidised 


KMn 04 /Coal 

ratio 

Humio 

adds 

Bonsenoid ' 
adds 

Oxalic 1 

add 

Aoetia 

add 

8 1 

Nil 

48 9 

17 8 

2 72 

7 0 

21 4 

67 1 

22 4 

2 38 

6 0 

36 1 

62 1 

19 6 

3 6 

8 0 

es 3 

82 3 

18 2 

4 83 

1 0 

60 2 

SS 2 

10 7 

4 98 
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Taken as a whole these results showed that most probably the colloidal 
“ humio acids ” are the uutial oxidation products, the simpler crystalhne 
benzenoid and oxahc acids subsequently arising from their further oxidation 

Oxidation of the Intermediate Humic Actde 
The foregomg conclusion was confirmed by the results of a later senes of 
experiments m which the “ humic acids ” m question were isolated free from 
the other oxidation products and then further oxidised by suitable proportions 
of alkalme permanganate , acetic, oxahc, succinic and various benzene 
carboxyhc acids were thus obtamed 

The “ humic acids " were first of all obtamed by the partial oxidation of 
“ Estcvan ” coal residue by means of a suitable proportion of alkalme per- 
manganate solution at its boihng point (KMnO^/f'oal residue =3 1) The 
precipitated hydrated manganese oxides having been removed by filtration, 
the colloidal humic acids were precipitated from the clear alkahne solution 
of potassium salts on acidification by means of dilute sulphuric acid , they 
were then thoroughly washed and tedissolved m a slight excess of potassium 
hydroxide solution, from which they were rc-prccipitated by means of dilute 
sulphuric acid, and afterwards thoroughly washed with hot distilled water 
until practically free from adsorbed salts 
The acids were next dried, first of all in an oven at 80° and then in vacuo 
at room temperature over sulphuric acid , the ultimate composition of the 
dried acids was 

C = 5b 7, H = 3 36, N = 1 2, S =- 0 b, and O = 38 15 per cent 
About 60 grams of the so dried humic acids were oxidised by means of a suitable 
proportion of boiling alkahne permanganate (KMnOj/Humic acid -= 5 1) 
in our usual manner, and the resulting acid oxidation products subsequently 
separated and estimated as already dewribed These consisted of acetic, 
oxahc, succimc and benzenoid acids in the following proportions per 100 by 
weight of the original humic acids — 

Weight yield per 100 of 
Acid “ humic acid ” 

Acetic 2 9 

Oxahc 17 7 

Succimc 1 0 

Benzenoid acids 62 0 

From the crude benzenoid acids were isolated terephthahe, mellophamo, 
pyromelhtio, benzene pentacarboxyho and meUitio acids 
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Weight Ratios of Aotd (hndatxon Products 
The striking fact that two such different coals as the Morwell brown coal and 
the strongly coking Busty bituminous coal when similarly oxidised yielded 
nearly the same proportion of acetic, oxalic, and benzenoid acids, respectively, 
has already been commented upon , but there remains the further question as 
to whether these products arise simultaneously or independently during the 
oxidation 

This pomt may be considered by reference to the benzenoid /oxalic and 
bcnzenoid/acetic acid ratios formed in the products at the different degrees of 
oxidation attained in our “ step-wise ” experiments (p 602) Commencing 
with the least and passing onwards to the greatest degree of oxidation attained 
in each case, these were as follows — 

\V eight ratios 

Estevau loal residue— 


Benzenoid /oxalic 

15 2 

4 65 

2 71 

2 86 

2 35 

Benzenoid /acetic 

5 36 

7 92 

8 87 

11 43 

8 9b 

Busty coal residue 

Benzenoid /oxalic 

3 1 

2 87 

2 67 

2 55 

2 75 

Benzenoid /acetic 

6 85 

12 1 

14 5 

24 3 

17 98 


Although the sigmhcancc of these ratios, subject as they undoubtedly arc 
to a fair margin of cxpenmeutal error, ought not to be undulj stressed, it may 
be noted that, except during the imtial stages of the oxidation of the Estevau 
residue, there was a marked tendency for the benzenoid /oxahe ratios to be 
fairly constant (e , between 2 35 and 3 1) throughout, as though the benzenoid 
and oxahe acids were ansmg simultaneously from a common source The 
constancy of the ratio throughout the “ Busty ” experiments is remarkable 
and could scarcely have been a mere coincidence , m the case of the “ Estevan ” 
experiments, it seems likely that the higher ratio during the earlier oxidation 
phases may be due to the ongmal coal substance already containing (as tho 
“ blank ” experiments showed) some 3 4 per cent of benzenoid acids 

In this connection it should be noted that the benzenoid /oxahe acid ratio 
observed m the case of the further oxidation of the humic acid prepared from 
the Estevan coal residue was 3 6, while the correspondmg benzenoid/acetio 
acid ratio was 21 4 

The absence of any constancy in the benzenoid /acetic acid ratios in the fore~ 
going oases makes it difficult to say whether or not all the acetic acid arose 
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simultaDeouBljr with the benzenoid acids , but that some of it does is proved 
by the experiments upon the oxidation of the humio acids intermediately 
found for the Estevan residue 

Therefore on the evidence so far available, and pending further exploration 
of the subject, we are inclined to view the oxidation of the original coal residue 
as proceeding m accordance with the following provisional scheme 

fPossibly 
I Intermediate 

Coal substance — ^ Humic acids—' < ^ 

I C rystnllme 

I Acids 

Further experimental work will, however, be required liefore any final con- 
clusion would be justified , and as we have the matter now well in hand, we 
will reserve further discussion of it for a future communication 

Ondatxon of the Benzene Presmre-ETtracts 

Having dealt with the permanganate oxidation of the “ residues ” from the 
benrene-pressure-extraction of the various coals under investigation — and 
which constituted from 85 to 98 5 per cent of them whole “ coal substance ” — 
a short statement may now be added as to what we have already estabbshed 
regarding the constitution of our various fractions of the lienzene-pressure- 
extracts 

Reference to Part V hereof will show that the benzene-pressure-extracts 
from Morwell brown coal and the Estevan brown lignite, though differing in 
amounts (namely, 15 0 and 4 5 per cent respectively), were practically alike 
in their chemical character, in that each could l>e fractionated into similar 
proportions of (i) neutral oils soluble m hght petroleum, (u) neutral amorphous 
powder msoluble in light petroleum, (lu) phenolic esters, and (iv) phenols 
In the case of the Morwell coal two-thirds, and m the case of the Estevan coal 
57 per cent , of the crude extract was composed of phenols and phenobo esters, 
and was therefore benzenoid m structure 

In the case of the well-matured Busty bituminous coking-coal, the crude 
extract, which amounted to 15 6 per cent of the dry-ashless coal-substance, 
contained neither phenols nor phenolic esters, these being replaced by a large 
fraction (IV) of a nitrogenous amorphous solid of high softening point, 
which represented 9 6 per cent of the onginal coal substance and was respon- 
sible for the strong cokmg propensities of the coal The remainder of the crude 
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extract was of chemically similar character to the “ neutral oils ” obtained 
from the two brown coals 

It therefore seemed probable that the gradual development of “ coking 
propensities ” m coals has been due to “ condensations ” of phenoho with 
aldehydic and ammo bodies in the coal substance dimng the long maturing 
process 

This view of the matter has received further support from some recent 
experiments m our laboratories m which Fraction IV of the crude benzene- 
pressure extract from the Busty coking coal was oxidised by means of 
solutions of chiomic acid and alkaline permanganate, successively appbed 
yielding 2 4 parts of acetic, 24 parts of oxalic and 62 parts of bcnzcnoid acids 
per 100 parts by weight of the original Fraction IV taken 
It would therefore appear that the constituents which aie mainly responsible 
for the “ coking propensities ” of bituminous coals, like the mam coal-substance 
itself are also substantially lienzenoid m character 

The Oxidation of Carbonised Mate rials 

Durmg the later stages of our work, we have begun investigating the effects 
of a progressive carbomsatiou of our coal residues upon the relative yields 
of the various permanganate oxidation products, and although this part of 
the mvc4Jtigation is not yet completed it has advanced far enougli to enable the 
following prelimmary statement of results to be made 
The experimental method has been (i) to c^arbomse the coal-residue out of 
contact with air to a steady state (such that no further volatile matter was 
expelled from it) at vanous selected temperatures up to about 1000°, and 
then (u) to oxidise each so carbonised material with a suitable proportion of 
potassium permanganate m a boilmg alkabne medium The oxidismg pro- 
cedure required longer time the more the material had been carbonised , also, 
as the carbonising temperature was progressively raised beyond a certain point 
the carbonised product became progressively less oxidisablc, although evidence 
was obtamed that it was only a question of time for all of it to become oxidised 
We found it advisable, however, m experimenting with highly carbonised 
materials, to suspend the oxidation before the whole of it had been completed, 
some of the original material being recovered at the end of the experiment 
As typical examples of the results to date, we have selected the following 
obtamed with the progressively carbonised Estevan and Busty coal residues, 
respectively, which are tabulated below — 
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Carbopisation 

Weight yields per 100 of the dry ashleos carbonised residues 

temperature 

Unchanged 1 
1 maUrial 

Bensenoid 

acids 

Oxalic 

Acetic 

C° 

Original residue 

Nil 

47 3 

23 6 

6 8* 

unflarboni<ied 

170 

Nil 

66 7 

17 6 

3 5 

610 

Nil 

62 1 

17 5 

I 0 

670 

16 1 

61 6 

10 2 

0 2 

830 

il 1 

37 H 

4 6 

0 1 

1000 

60 1 

22 0 

1 3 

Nil 

or in terms of 100 parts of the material actually oxidised in each 

case — 

070 


73 6 

12 1 

0 2 

KM) 


48 0 

i 6 7 

0 1 

1000 


44 0 

la 

Nil 


• These results are included merely as a basis of comparison with those obtained with the 
various carbonised residues 


(h) With Busty Coal residue 


Carbonisation 

Weight yields per 100 of the dry ashiess carbonised residue 
taken 

temperaturt 

Unolumged 

matcci^ 

Benxenoid 

acids 

OxoUo 

acid 

Aoetio 

acid 

C* 

Original residue 

NU 

41 7 

20 8 

3 3* 

unoarbonised 

370 

3 4 

86 0 

11 3 

2 6 

610 

46 6 

61 6 

7 8 

0 6 

636 

66 7 

30 0 

4 2 

0 1 

860 

62 4 

30 2 

1 4 

Trace 

005 

74 7 

17 0 

1 26 

Nil 


a terms of 100 par 

ts of the material 

actually iixuliscd ■ 

- 
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116 7 1 

14 4 

0 0 

6.36 


01 2 

9 7 

0 2 

860 


63 6 

3 0 

Trace 

096 


67 3 

4 0 

Nil 


* See fmitnoto to Table (o) 


It Will bo observed that in each case, as nught be expected, tlic yields of 
“ benzenoid acids” increased with the ( arbonisation temperature up to a 
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certain point, probably between 600 and 600® C , where they were a maximum, 
and afterwards progressively dimimshed , but even with matenal which had 
been fully carbonised at 1000® C, considerable yields of benzenoid acids 
resulted, pomtmg to part of the resulting coke havmg retained its C«-rmg 
structure And it is conceivable that what is sometimes termed the “ re- 
activity ” of such a coke may depend on the proportion of Co-rings comprising 
jts structure 

Wiih Wood Charcoal —We have also made an experiment with a sample of 
wood charcoal, whose ultimate “ dry-asliless ” composition was — 

C = 82 3, H = 3 6, N = 0 45, 8 = 0 35, and 0 = 13 4 per cent 
This matenal was qmte easily oxidised by the boiling alkaline permanganate 
medium, going wholly into solution, and ultimately yielding 59 parts of benze- 
noid acids (from which, inter alia, phthalic, benzene penta- and hexa-c-arboxylic 
acids have been isolated and identified), 4 2 parts of oxalic and 2 1 parts of 
acetic acid per 100 parts of the dry-ashless matenal taken 

Carbons —We are also experimenting with various forms of “ carbon,” 
including graphite and the flocculent carbon deposited bv the catalytic decom- 
position of carbomc oxide 2CO C -}- COg at 450° C m contact with oxides 
of iron , but the results are not yet far advanced enough for publication, and 
therefore must be reserved for a future commumcation 

The experimental exploration of the many questions opened up by the fore- 
going results 18 bemg continued in our laboratones with a view to elucidating 
further the chemical constitution of coal 

In conclusion we desire to thank Dr C D Lawrence, and Mr .1 Taylor, 
M Sc , for valuable assistance m some of the experiments, as also the Fuel 
Kesearch Board of the Department of Scientific and Industrial Research for 
generous annual grants out of which the principal expenses of the work, including 
personal grants to two of us and Dr Lawrence, have been defrayed 
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The IrUeractim of Oxygen vnih Nitrogen after Collision mth 
Electrons 

By 0 H Wansbrouoh- Jones, Ramsay Memorial Research Fellow 
(Communicatod by T M Lowry, F R S — Received November 28, 1929 ) 

In previous commumoationa'* from this laboratory a method of etamimng 
the rates of reaction of gases after collision with dec trons has been described , 
and m particular the use of a triode of special construction and dimensions 
for detemunmg the critical potentials at which the reaction takes place has 
been noted This method has now been applied to the combustion of nitrogen, 
which has been shown to depend upon ionisation of the nitrogen, activation 
or ionisation of oxygen apparently playing no part This conclusion is sup- 
ported by the measurements of critical potentials, by the chemical examination 
of the reliction products in the experiments to be described, and to some 
extent by measurements of the efficicmc y of the* process 

Premoub Woik 

The synthesis of nitric oxide in the arc has been studied by many workers, j* 
and it has long lieen recognised tliat the yields of oxides of nitrogen so obtained 
were too large to be given by a purely thermal formation in the arc The 
necessity for an electrical process is further shown by the possibility of synthesis 
by purely electrical means, such as the silent electric discharge,! the corona 
discharge,§ the spark ibschargeH or a cold discharge from a heated oxide 
i athodo f This work was undertaken in the hope of defining this electrical 
process more completely It has been suggested that the reaction is one 
between the atoms** or that ionisation and dissociation of the reacting gases 

* Cafess and Ridea], ‘ Roy Soc Proc A, \ol ll'i, p 085 (1927), and vol 120, p 370 
(1928) 

t Cf Knox, “ Fixation of Atmospheric Nitrogen,” 2nd edition (Gurney and Jackson, 
1921) , Albnond and EUmgham, “ Applied Klectroohemistry ” (Arnold, 1924) 
t Warburg and Leitbauser, ‘Ann Phys vol 20, p 743 (1900), and voJ 23, p 209 
(1907) , Berthelot, ‘ C R voL 142, p 1367 (1906), and ‘ Ann Chim Phys ,’ vol 8, p 
(1906) 

$ Strong, ‘ Amer Chem J ,’ voL 64, p 204 (1013) 

11 Briner, ‘ J Chim Phys ,’ vol 13, p 18 (1916) 
f Schwab and Ixieb, ‘ Z Phys Chem.,’ vol 114, p 23 (1924) 

•• Bnner and Naville, ‘ J Chim Phys vol 17, p 329 (1919) 
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plays an important part,* while Schwab and Loeb {loc cit) have proved that 
activation of the nitrogen was necessary Nitric oxide has never been made 
from its elements by a process in which a high degree of excitation was not 
attainable, but no attempts have hitherto been made to determine the degree 
necessary 

When, as in these experiments, nitrogen and oxygen are allowed to react 
in a triode, the gas mixture is exposed either to an oxide-coated platinum wire 
or to a bare platinum wire at a temperature which may be as high as 1800° K — 
a condition in which the thermal formation of nitric oxide has been shown to 
take place f A preliminary investigation was necessary in order to discover 
whether oxidation at the surface of the hot filament could be detected at pres- 
sures low enough for the electronic oxidation of nitrogen to be studied 


Expennu ntal 

1 Surface oxidation The apparatus used and the precautions taken 
were the same as described in a previous paper J Purified oxygen and nitrogen 
were admitted to a reaction bulb cooled in liquid air, connected through a 
liquid air trap to a McLeod gauge, and pressure readings were taken as the 
filament was heated After running, the apparatus was roughly evacuated 
and an extra pressure on removing the liquid air, due to the evaporation of 
the oxides of mtrogen, was looked for In 16 runs lasting for some hours, at 
temperatures up to 1900° K , at pressures ranging from 40 to 300 bars, and at 
concentrations of nitrogen ranging from 10 per cent to 90 per cent , no nitrogen 
peroxide was detected with either platinum or oxide-coated platinum filaments 
Certainly at the higher pressure anv nitric oxide that had been formed would 
have been oxidised to mtrogen peroxide The rate at which the oxygen was 
removed by reaction with the platmum filament was affected but slightly 
until the partial pressure of oxygen was reduced to 10 or 20 bars 

A new senes of experiments was then made, using a flow method Air was 
admitted through a fine capillary, passed through two liquid air traps to remove 
water vapour and carbon dioxide, and over a platmum filament wound in the 
form of a rectangular grid on a bght siUca frame held obliquely by stouter 
platinum leads across the axis of a tube 2 6 cm diameter After combustion 

* C/ Karrer, ‘ Trans Am. Eleotrooliem Sot ,’ vol 48, p 25 (1025) 
t Clements, ‘ Ann Phys vol 14, p 334 (1004) , Rossi, ‘ Ua* Chim Ital ,’ voL 35, p 1 
(1006), Fischer and Braumor, ' Ber D Chem Qes,’ vol 3^, p 040 (1006), Brinor, 
Berner and Bothen, ‘ Hclv Ohim. Acta vol 0, p 634 (1026) 

{ Bideal and Wansbrough Jones, ‘ Boy 8oc Proo ,’ A, vol 123, p 202 (1020) 
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the gases were passed through a 50()-c c flask cooled in ice to allow time for the 
slow termoleoular reaction 

2NO + Oj->2NOj, 

to take place, and the nitrogen peroxide was then condensed by liquid air 
By varying the speeds of pumping and the length of the capillary, the pressure 
was varied between 24 to 80 bars while the speed of flow reached 500 i o per 
hour 

The platmum hlament was heated to about 1800° K and air streamed over 
for from 3 to 6 hours The taps were then closed, and after pumpmg out the 
air, the liquid air was removed from the final trap and the nitrogen peroxide 
contained expanded into a known volume m connection with a McLeod gauge 
The flow speed was found by measuring the rate of leaking Careful blank runs 
were made with the c onditions the same but for the temperature of the heating 
element, which was reduced to 1000° K Then no condensable gas was found 
in the last trap Chemical tests were made to detect and identify the nitrogen 
peroxide, a mixture of a-naphthylamine and sulphamlic acid giving a red 
colour Both bare platinum wires and oxide coated wires were used, and the 
relative difference is shown m Table I 


Table T 



All measurements were made at a temperature of 1800° K The heated 
area of the platinum wire cannot be estimated with any accuracy, nor can the 
increase m area on coifting it with oxide be determined The uncertainty of 
the areas is a factor which must be taken into account before these results 
can be said to confirm the observation that the efficiency of a catalyst is related 

2 L 2 
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closely to its thenmoiuc work f tmction * It is noticeable that the effect of 
pressure is fat greater than the speed of flow, but the yields were small, and 
an investigation of the kmetics of the reaction was not practicable 

From these experiments it is clear that the purely thermal synthesis of 
oxides of mtrogen m the tnode would be too slow to affect the results 

Oxidation after Electron CoUiston — A platinum filament 2 cm long, 0 15 mm 
diameter, was mounted axially inside a helical platinum wire grid having 10 
turns, the mean distance being about 2 mm from the filament Outside was 
a platinum anode 2 5 cm diameter, and 1 cm long Connections were at 
first made by a mckel-iron alloy which could be sealed into glass, but these 
were afterwards replaced by nickel wires coated with platinum to which the 
thinner platinum wires were welded The three electrodes were at first held 
in a ground joint fitting into the reaction vessel, but in later experiments with 
oxvgen alone small errors were found due to oxidation of the tap grease or 
wax at the ground joint which was then removed, and the wires were sealed 
through the glass The filament was coated with a mixture of barium and 
strontium carbonates for which thanks are due to the General Electric Company, 
Wembley 

The reaction vessel A (see fig 1), cooled in liquid air, was connected through 



a bquid air trap B, to the McLeod gauge M, and thence through the tap Tj, to 
the pump hne, the pure gas lines, or a known reaction mixture stored in C, a 
* Bnner, ‘ Helv Chim Acta ,’ voL 9, p. 834 (1926) , ef Rideal and Wanabrough-Jones, 
‘ Ann. Rep Chem. Soo voL 28, p 845 (1928) 
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tube dusted with phosphoric anhydride , small amounts of gas mixture being 
admitted by the sampling taps T 4 , Tj The tube C could be filled with any 
mixture of oxygen and nitrogen by means of the burette D and the levelling 
tube E, the procedure being evident from the diagram The reaction products 
could be pumped off through the trap F, which was cooled in liquid air, and 
identified A vacuum of 10"® mm was obtained by a double stage mercury 
diffusion pump backed by a “ H 3 rvat,” and the connecting tubing was heated 
with the flame of a Bunsen burner at this pressure before use, the pressure 
inside the apparatus being kept at 10 "® mm Oxygen was prepared from 
manganese dioxide, hydrogen peroxide, and sulphuric acid in a small Kipp’s 
apparatus and stored over potash and phosphorus pentoxide before use , and 
the nitrogen was taken from a cvhnder, purified by passage over heated copper 
and copper oxide, and thence over potash and phosphorus pentoxide In 
later experiments when experiments on pure oxygen were being conducted 
and oxidation of tap grease was found to occur, the tap Tj was replaced by a 
mercury cut-off, and a second liquid air trap was inserted between the pump 
and this cut off To obtain reproducible results it was essential to bake out 
the reaction vessel to 400“ C between each run, and until 110 more gas was 
evolved, the glass connections being frequently heated 


Measurements 

The apphed potentials and the electron currents were measured m the 
same way as by Caress and Rideal , and the rate of reaction was determined 
by the rate of fall in the pressure This rate of reaction is generally constant 
over a range of pressure from 180-1 10 bars for a particular voltage, when com 
parable results are obtainable , but below this range the effect of the fewer 
colhsions between the ions, electrons or molecules becomes apparent In 
comparable conditions the reaction rate at the same potential is found to be 
very nearly proportional to the number of electrons accelerated, and hence 
the number of electrons necessary for one molecule of nitrogen peroxide to be 
formed could be found In order to identify the products of reaction, the 
total decrease m pressure was observed, when the reaction was apparently 
completed With excess of nitrogen this value was readily determined, but a 
slow pressure decrease always took place when oxygen was in excess, the 
completion of the mam reaction being shown by an alteration in the rate of 
decrease of pressure, generally sharply defined The effect of oxygen m 
reducmg greatly the emission of electrons, particularly from an oxide emitter. 



516 OH. Wansbrough-Jonea 

18 , of course, well known,* and throughout the work was a source of trouble, 
though ultimately it was found possible to make a tenacious coating of oxide 
which would adhere long enough at the high temperature necessary to give an 
adequate emission , this effect was particularly noticeable m mixtures nch m 
nitrogen, the disappearance of the last trace of oxygen being accompamed by 
a marked change in the colour of the arc, from bluish-purple to reddish-purple, 
and a sudden increase in the electron emission amounting at times to a 
hundredfold , a very well-defined end-point for the reaction Further readmgs 
of the pressure were made after removing the liquid air and evaporating the 
nitrogen oxides The difficulty of correcting accurately for the difference m 
temperature due to the hot filament, and the slightly varying levels in the 
liquid air vessels might cause an error of not more than '5 per cent in these 
values , but in suitable conditions the measun ments of the rate of reaction 
were more accurate 

The reproducibihty of the rate of reaction is a matter of great importance 
This rate is governed by a number of factors, the age of the filament, the 
thickness of the oxide coating, the form of the arc, the adequacy of the baking- 
out and the pre-treatment of the electrodes, some of which are not controllable 
Care was exercised on this account to make all runs comparable, and between 
every two or three runs, one at 26 volts was made Failure to return to the 
standard rate was generally cured bj recoating the filament and baking-out 
for 8 to 12 hours , but some runs were found to give anomalous results and 
had to be rejected 

The Rate oj the Reaclim 

Fig 2 shows a number of runs plotted for various voltages and various gas 
mixtures It will be noticed that the composition of the gas imxture has 
little effect except for low nitrogen concentration In fig 3 the mean rates of 
reaction (exclucbng such mixtures) are plotted against the applied electron 
voltages , the units being the rate of decrease of pressure per milliampere, it 
having been first ascertained that these ratios were constant for a given voltage 
(see fig 5) 

The features which may be observed on fig 3 are — 

1 No reaction occurs unless the electron has an energy greater than 17 
volts The very shght fall m pressure observed bplow this voltage was 
due to the oxygen alone 


Roller, ‘ Phys Rev vol 25, p 671 (1926) 



tL. ECTRON t NtreCIt & 

l<ia 3 


2 There exist two well-dehned breaks, the one at 17 volts and the other at 

about 23 volts 

3 There is a rapid and apriarently regular rise 


above 30 volts, but with no 
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4 The absence of any breaks attributable to oxygen, at any of the reported 
cntical potentials, % e resonance at 8 9 volts* , ionisation to O,'* * § ' at 
12 5§, 13 0,t 15 5,t or at the 0+ potentials of 20, f 19 5|1 or 23 (),t 

1 The absence of a purely thermal reaction below the first arcing potential, 
even with emissions as largo as 2 milliamperes, is m agreement with the previous 
runs (made with a closed system Many attempts, all unsuccessful, were 
made to find a reaction starting at the critu al potentials of oxygen below 
17 volts 

2 At 17 volts the main reaction starts and at 2 5 volts it becomes much more 
rapid The absolute measurement of these voltages and their identification 
13 important By the arrangement of the electrical circuit the potential is 
applied to the middle of the filament, but some correction due to the drop in 
voltage along the filami nt must be made and all voltages shown are corrected 
To make this correction the breaks in the current voltage curves in pure oxjgen 
and nitrogen were identified with the known critical potentials and later a 
calibration was made with pure hebum which gave identical results The 
correction was less than 1 volt 

It 18 generally beheved that the first ionising potential of mtrogen is 16 9 
voltsf though Turner and Samson** have recently found 15 8 volts as its value 
The rate of reaction at this voltage is too small to discriminate between these 
values, but it is clear that the interaction is hi re initiated by the formation of 
positive molecular ions of mtrogen 

The second ionising potential of nitrogen was believed to be 24 1 volts, ff but 
this was based on the assumption that 16 9 volts is the first ionising potential 
Turner and Samson consider that 23 volts is the real value of the second 
ionising potential, the process being the formation of an excited positive ion 
which, on colhsion, dissociates into atoms and atomic ions The production 
of this excited molecular ion, therefore, greatly increases the rate of reaction 

• Compton and Mohler, “ Cntical Potentials,” ‘ Bull Nat Res Council,’ vol 9, part I 
(1024) 

t Hogness and Lunn, ‘ Phys Rev voL 27, p 732 (1926) 

t Smyth, ‘ Roy Soc Proc ,’ vol 106, p 116 (1924) 

§ Mackay, ‘ PhU Mag ,’ vol 46, p 828 (1923) 

II Lockrow, ‘ Astrophys J vol 63, p 206 (1926) 

f Compton and Mohler, loc cil 

** Turner and Samson, ‘ Phys Rev ,’ vol 34, p 743 (1929) 

tt Hognert and Lunn, ‘ Phys Rev ,’ voL 26, p 786 (1926) , Smyth, ‘ Roy Soc Proo ,’ 
A, vol 105, p 116(1924) 



Oxygen mth Nitrogen after Collision with Electrons 519 


The rate of reaction between nitrogen and hydrogen is greatly increased at 
the same voltage * 

3 The rapid increase in the rate of oxidation of mtrogen when the electrons 
are accelerated bj more than 26 volts is show n below to agree well with the 
increase in the effioienc> of ionisation 

4 It has frequently been stated that activation of the nitrogen in the arc 
process is the most important process (c/ Escales, Koenig and Lowry)t but it 
was suggested that parallel activation of oxygen was necessary Fischer and 
HeneJ believed that only oxygen was activated in the arc, while Schwab and 
Loeb considered that nitrogen became reactive after a collision with excited 
oxygen It is clear that in these experiments no such activation of the oxygen 
was necessary 

The simplest and most probable mechanism for the reactions are therefore 

(1) At 17 volts + Oi->2NO 

and 

(2) At 23 volts N+ 4- Os NOj or N,+' f- Oj NOj + N 

with other less important reaction possible 

The vapour pressure of mtric oxide is not low enough for it to be frozen out 
by liquid air, and there would therefor* be no change in pressure as it was 
formed , but its reaction with oxygen or nitrogen peroxide would give a 
condensible product, and it would also be strongly adsorlied on the walls of 
the glass vessil, which, after repeated baking at a high temperature under 
a vacuum, has a highly adsorptive surfa* e 

The End Point of the Reaction 

1 Many runs were made on gas mixtures containing oxygen and nitrogen 
in widely varying proportions, the runs being continued to the end of the 
mam reaction Some of these runs are shown plotted in fig 4 and are tabulated 
below The figures show the slow absorption of oxygen referred to above, 
when all the mtrogen had been used up 


* Storch and OUon, ‘ J Am Chem Soo ’ vol 45, p 1605 (1023) , Caress and Rldeal 
loc eU 

t Escales, ‘ Z Elektrochem ,’ vol 12, p 639 (1906) Koenig, ‘ Ber D Chem Ges ,’ 
vol 46, p 132(1913), I^wry ‘J Chem Soo ,’ vol 101 p 1162(1912), and ‘ Trans 
Faraday Soo ,’ vol 9, p 189 (1913) 

: ‘ Ber D Chem Ges ,’ vol 45, p 3562 (1912), and vol 46, p 603 (1913) 
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Table il 10 per cent Nj 


1 

Run 

Voltage 

(voltJi) 

J 

Cumiit 

(m«) 

4 

Initial 

pn'Wiurr) 

(bar) 

I 

PrLusuro 

fall 

(bar) 

0 

tail 

lakulated 
a» NO, 
(bar) 

7 

taU 

calculated 
aa NO 
(bar) 

!• 1 

10 

0 AI 

180 

59 

34 

36 

h 2 

JO 

1 2 

1113 

54 

4C 5 

33 

1 3 

21 

0 7 

200 

32 


40 

E6 

20 


131 

33 

43 3 

30 2 

t 7 

28 

3 1 

193 

38 

57 9 

38 6 


Column 4 sliows the total pressure of gas mixture originally present, and 
column 6 the total fall in pressure when the reaction is complete Column 0 
gives the pressure decrease calculated from the initial amount of mtrogen on 
the assumption that it is all oxidised to nitrogen peroxide, and column 7 the 
decrease on the assumption that nitric oxide is the only product These 
pressures were measured with the filament cold, and hquid air round the traps 
and reaction vessel It will be noted that for the higher voltages even a 
slightly greater fall m pressure than that given in column 6 is found, and for 
the lower this value is not reached, but one corresponding to a mixture of 
mtnc oxide and mtrogen peroxide There is always a slow electrical or electro- 
chemical absorption of gas proceeding* which will account for small dis- 
crepancies (and the greater decreases than theory demands for the higher 
voltages) It 18 clear that mechamsm (1) and the possible secondary reactions 
are operating to a greater extent at the lower voltages 

* Research Staff, GEC, Womble>, ‘Phil Mag,’ vol 48, p 553 (1924), Dushman, 
“ High Vacuum," p 166 (Schenectady, 1922) 
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2 Runs with nitrogen in excess ahowed more accuracy, the end of the reaction 
being determinable with greater ease Measurements of the residual pressure 
of nitrogen oxides on re-evaporation were also made 


Table III —10 per cent 0^ 



Columns 4, 5, 6 and 7 are obtained in flu same way as those in Table 11 
Column 8 is the total pressure of nitrogen oxides found on removing the liquid 
air, column 9 gives the pressure calculated by assuming that all the oxygin 
has been used to give nitrogen peroxide, and column 10 the pressure of nitric 
oxide calculated by the same assumption , the same deductions can be made 
from this table as the previous one The striking difference between the two 
series of experiments is that m the first the fall in pressure found is larger, 
and in the second smaller than that given in column b, in both cases as the 
mechanism demands Further, the runs at the higher voltages where the con- 
centration of N *■ ions 18 greater show a much closer agreement with the simple 
formation of mtrogen peroxide The primary formation of nitric oxide could 
not give this result, since at these total pressures the niimls r of tcrmolecular 
collisions 2NO -f Oj occurring before the nitric oxide ‘ struck,” either adsorbed, 
or dissolved in the mtrogen peroxide on the walls, would bo very few The 
experiments at lower voltages show nitrogen peroxide and lower oxides present 
in varying proportions , but an examination of the amounts of each is un- 
profitable 

3 Expenments made with other proportions of oxygen gave results similar 
to those detailed above, and are not tabulated, since the extreme mixtures 
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show the point more clearly Frequently a mixture contaimng 33 per cent 
of mtrogen would react under 30-volt electrons until only 2 per cent of the 
total original pressure remained 

Some of the discrepancies between the observed and calculated values for 
the total fall in pressure are too large be accounted for by errors in reading 
The slow rtmoval of oxygen as ozone is shown in a later paper to be neghgible, 
while direct oxidation of the filament would also be very slow at a maximum 
temperature of 1600° K In the earlier runs, the presence of small traces 
of organic vapours would account for an apparent loss of oxygen, but the 
differences persisted when, as in the later experiments, this source of error 
was removed The admitted presence of oxvgcn ions and atoms suggests that 
reaction such as Nj’*’ -f- O -* NjO, will occui to some small extent, and these 
small errors must be ascribed to the sum of these causes, together with the 
well-known “ clean-up ” or absorption of gas in anj type of discharge tube 

The Exwmnutwn of the Products 

1 Three experiments were made, with an accelerating potential of 21 5 
xolts, m which the products of the reaction were mixed with excess oxygen 
A decrease m pressure would show that nitric oxide was reacting with oxygen 


Table fV 


1 

Bun 

2 

Pressure of 

(b»rs) 

1 

Pressure of 
oxygen 
(bars) 

■ 

4 

Total 

(bars) 

5 

(bars) 

D 14 

27 » 

40 

07 8 

00 1 

D 18 

27 1 

13 

40 1 

32 1 

D 10 

27 2 


40 2 

34 1 


Column 4 gives the sum of the pressures of oxygen and oxides of nitrogen , 
and column 6 the pressure half-an-hour after mixing 
2 The products of the reaction were pumped off through the trap F, cooled 
in hqmd air This trap was then isolated by the taps and reagent added 
through the top An alcohohc solution of a-naphthylamine and sulphanihc 
acid was the most convenient test and always gave a deep red colour , while 
brucine and sulphuric acid turned orange red Colorimetnc estimations 
were made of the products from certain runs after addition of excess oxygen, 
by condensing them in small bulbs which were then sealed off at a constriction 
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and estimating the mtrogen peroxide by the colour tests described above 
Companson tests made by heating a small quantity of pure lead nitrate greatly 
diluted with glass powder and condensing the products m the same way showed 
that the method was of sufhcient accuracy 


Table V 



Column 3 gives the actual amount of gas found on rc-cvaporatmg the nitrogen 
oxides, and column 4 the amount calculated from the initial total pressures 
assuming all the nitrogen had been oxidised directly to nitrogen peroxide 
Columns 5 and b respectively show the same amounts expressed as weight 
of nitrogen peroxide, v hile column 7 gives the actual weight found bj the 
estimation 

In the first five experiments the weight of mtrogen peroxide found by esti- 
mation 18 very nearly the same as the weight given in column 5, that is to say, 
the products of the reaction are almost entirely mtrogen peroxide Runs 
D4 and 6 show the largest errors, these runs being made with smaller apphed 
potentials, and it was therefore to be expected that the products would contain 
more mtric oxide Runs D7 and D8 at 21 and 22 volts show clearly an initial 
oxidation to nitric oxide must have taken place, smee considerablj more 
mtrogen peroxide is found by the colorimetric estimation than the initial 
amount of oxygen would give The oxidation was therefore completed on 
adding more oxygen The small quantities of gas available reduces the 
accuracy of these estimations 
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The Electron Efficiencies 

No method is available for use with this type of apparatus whereby the 
actual number of ions produced and reacting can bo found directly 

Instead, the number of molecules reactin^t for each electron emitted and 
accelerated can be found Fig 5 shows the plot of the rates of reaction against 




Fig 6 Fig 6 

the current in milliamperes for the reaction at 26 volts Fig 6 shows the 
electron energies plotted against the electron efficiencies, i e , the number of 
electrons required to give one molecule of nitrogen peroxide, points being taken 
from experiments made m three different forms of the apparatus two With a 
ground joint, and one with no ground joint The currents were measured 
by a galvanometer with a cahbrated shunt and the volumes of the three 
systems were respectively 790 c c , 823 c c and 630 c c 

For convenience the mean number of electrons producing one molecule of 
nitrogen peroxide are shown below, for mixtures with more than 30 jier cent 
nitrogen 

It 18 necessary to estimate first how many electrons actually acqmre their 
full energy, how many then escape collection by the grid and are avaijable 
to make ions, and how many actually do so At a mean pressure of 160 bars 
the mean free path of the electron as given by the kmetic theory, 4\/2 the 
mean free path of the gas molecules, is 3 8 mm in nitrogen and 4 2 mm in 
oxygen at 26° C The temperature of the space between the filament and gnd 
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Table VI 


Voltage 

No of electrons 

\ ullage 

No ofeketrons 

17 

>30011 

26 

11 

18 

600 

to 


20 

120 

40 

3 


which we are considering is considerably higher than this, and an estimate 
made from the increase in pressure on heating up the filament puts it at about 
500° C Assuming the validity of the Sutherland viscosity formula* and 
its applicabilitj to this problemf the considerably longer free path of some 
1 1 mm in either gas, or in this case, their mixtures is obtained Taking 2 mm 
as the mean distance between the filament and the grid — an upper limit— 
the free path of the election is some 6 6 times the distance it must tiavil in 
order to reach its full velocity some 87 per cent will do this J 
Experiments have shown, however, that this theory does not give the aetual 
mean free path of an election in a gas, both the Ramsaiier and Lcnard methods§ 
giving rather smaller values Thus Bruche gives as the total absorbing area 
for electrons of 1 c c oxygen at 1 mm pressure, 87 sq cm at 10 volts and 
32 sq cm at 50 volts Assuming at 26 volts an absorbing area of 15 sq cm , 
the mean free path at 1 mm pressure is 0 29 mm , at 150 bars about 75 per 
cent of the electron would be fully accelerated before a collision with a gas 
molecule occurred The indirect method of Townsend and Bailey|| gives 
figures leading to the result that about 80 per cent of the clei trons reach their 
full velocity For mixtures of oxygen and nitrogen, whose absorbing areas 
differ by little, no anomalous results are to be expected 

These results are obtained on the assumption that the equipotential surface 
containing the grid is a cylinder, whereas this is not strictly the case Attempts 
to correct for this by altering the number of turns per umt length in the grid 

* Sutherland, ‘ Phil Mag ’ vol 36, p 607 (1893) 

t Sutherland ‘ Phil Mag ,’ vol 18, p 341 (1909) , tf also Enkson, ‘ Phys Rev vol 
6, p 346 (1916), and Ompton, ‘ Phya Rev ’ vol 21, p 717 (1923) 

X Loeb, ‘ Kinetic Theory of Gases,” p 41 (McGraw Hill Book Company, 1927) 

$ Bruche, ‘ Ann Phvsik,’ vol 83 p 1066 (1927), vol 81 p 637 (1920) , Robinson, tbtd , 
vol 31, p 805 (1910) , Lenard, tb%d , vol 12 pp 449 and 714 (1903) , Mayer, tbtd , vol 
64, p 461 (1921), Ramsauer, vol 64, p 513(1921), Brode, ‘ Phys Rev ,’ vol 25, 
p 636 (1926) , Akesson, Lunds, ‘ Umv Anwkr,’ vol 12 p 11 (1916) 

11 Townsend and Bailey, ‘ Phil Mag,’ vol 42, p 871 (1921) , Townsend, ‘ J Frankhn 
Inst ,’ vol 200, p 663 (1926) 
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indicated that the correction was both small and uncertain The number of 
electrons passmg the gnd is given by the difference between the total current 
from the filament, and that between the filament and anode It was found 
that about 86 per cent of the electrons actually passed into the space between 
the gnd and anode 

There will also be a few slow secondary electrons from the grid* but the 
spacing of the grid is comparatively wide and at potentials below 60 volts it 
IS very improbable that these exceed 2 or 3 per cent of the whole Therefore 
some 70 per cent will be the fraction of the number of electrons emitted which 
can be taken as having their full energy m the grid anode space where reaction 
occurs For voltages greater than 26 volts the full energy is not required to 
lomse the gas, and hence more than this number are available, which should 
be taken as a lower limit 

The best values for the number of lomsing collisions made by an electron are 
obtained from the corrected curves of Compton and Van Voorhisf which give 
the number of ionising collisions per centimetre length of path at a pressure of 
0 01 mm The distance between the grid and the anode was about 1 cm 
and assuming the temperature in this space was about 0° C , and the average 
pressure about 160 bars, the mean number of lomsing collisions made by one 
electron in pure nitrogen ranged then from 0 21 at 26 volts to 0 84 at 50 volts 
From the value of the effi< lency of ionisation appropriate to each voltage, it 
18 now possible to find the number of electrons which must be emitted from the 
filament to give one ion , and hence to estimate the number of ions required 
to give one molecule of nitrogen peroxide 


Table VII 


1 

Voltage 

1 2 

Total number of 
electrons required 
to give one molecule 
NO, by expenment 

3 

Number of electrons 
required to give 

Estimated as above 

4 

Number of ions 
per molecule 

NO, obtained 

18 

500 

60 

10 

20 

120 

17 

7 

25 

11 

6 7 

1 6 

30 

6 

4 2 

1 4 

40 

3 

2 2 

1 3 


* Cf Lehmann and Osgood, ‘ Proo Cam Phil Soo vol 22, p 781 (1926) 
t ‘ Phys Rev ,’ vol 27, p 724 (1026) 
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In this table, column 3 gives the approxunate number of ekttrons icquired 
to form one ion at this voltage assuming the mixture behaves as if it was all 
nitrogen There are no figures available giving the efficiencies in oxygen, 
though Penmng reasons from its lower lomsation potential that these efficiencies 
should be higher than in mtrogen * 

It will lie noticed that tlie numlwr of ions formed by eac h electron vanes 
greatly with the voltage, but column 4 shows that this alteration is not 
sufficient to account for the changes in gradient in the curves showing the rate 
of reaction plotted against the applied voltage Hmce below 21 \olts one ion 
really forms two molecules of NO^, it will be seen that the changi in rate above 
24 volts IS still greater It is mtereating that above the second ionisation 
jiotential of nitrogen, although the electron efficiency is mcreasmg, the number 
of ions per molecule is only changing slightly 

Discussion 

A lower hmit of about 1 5 ions has been obtained as the number required to 
give one molecule of nitrogen peroxide Tins is the total number of ions, but 
if only nitrogen ions can react, their number will be proportionately less than 
this as the proportion of mtrogen in the mixture is decreased It seems then 
that with percentages of oxygen above 50 per cent , the M/N ratio becomes less 
than unity The possibihty of one ion giving more than one molecule, by 
forming a “ cluster ” which then reacts as a whole, seems rather remote, and 
it is more likely that an error lies in the estimate of the number of ions The 
mean temperature of the space between the anode and grid may well be less 
than 0® V , since the valve is surrounded by liquid air, thus allowing more 
collisions lietween electron and molecules than has been assumed 

More electrons are required to produce a molecule of mtrogen peroxide when 
the mixture is weak m either component This increase, noticeable m mixtures 
contammg less than 33 per cent of nitrogen, is accounted for if only ions of 
this gas can react, while m mixtures nch m oxygen some of the nitrogen ions 
must escape colhsion with oxygen molecules 

Schwab and Loeb (foe cit ) found that 120 ions were required to give one 
molecule of nitrogen peroxide Their method of using a diode at a pressure of 
6 mm of gas is not suited to give accurate values of this ratio, which is probably 
widely m error The work described above entirely supports their suggestion 
that activation of the nitrogen is the mam factor, but does not support the 
possibihty of activation of the mtrogen by collision with activated oxygen 
* Penning, ‘ Physioa,’ vol 8 , p 890 (1926) 

2 M 
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Firstly, the only physical significance which can be attached to this process 
would be the formation of a molecular ion of mtrogen by ooUision with an 
oxygen molecule exciteil bv a 19 6-volt electron, which is beheved to suffer 
almost immediate lomsation and dissociation The pressure is too low for 
more than a very few collisions between a mtrogen molecule and an excited 
oxygen molecule to occur licfore dissociation has taken place Hecondly, there 
18 no increase in reaction rate at the critical potentials of oxygen Thirdly, 
the efficiency of the process is rccoiu liable with the view that the mtrogen 
alone is activated 

Busse and Daniels,* synthesised oxides of nitrogen by passing high-speed 
electrons from a Coolidge tulie through a metal window into a tube containuig 
air There is great unceitamty in finding the number of ions formed per 
electron, and probably it is most accurate to accept Lehmann’s value of 43 
volts per ion for 2000- volt electrons, giving an M/N ratio of about 0 5m air, 
from their values for the total energy supplied by the electrons to the air 
in the reaction vessel 

Lind and Bardwellf from then work with a particles found the ratio 

molecules acid Among the produc ts arc NO,, NO 0, and traces 

total ions j t 

of NjO, complicatmg the reaction At the pressures used in the experiments 
descnlied above no ozone is formed, and the NgO, if present, is not noticeable | 
It 18 not considered that these values are contradictory when consideration 
IS taken of the different experimental methods They are summarised m 


Table VIII 


Table VIII 


Uctfi.Kl 


M/N 


Obuprvcr 


a particles 

High velrtcitv eleotnms 
Low voltage arc 
Low \ oltage are 


1 I Lmcf and Bardwell 

0 o , Busso and Daniels 

120 I Schwab and Loeb 

1 5 i' Wansbruugh Jones 


* ‘ .1 Am Chem Sex ,’ vol 51, p J271 (1928) 

f Lmcl, “ The Chemu al Erteots of a pnrtiolcis and Eleotnms, ’ Chemical Catalog Co , 
NY’p 101 (1928) 

f Note added %n proof — Hinee this paper was communicated Brewer and Weathaver 
(‘ 1 Phys Chcm,’\ol 34,p 654(I910))haveexaraincdthiareactionintheglowdifK.liarge, 
ohtainmg substantially similar results They attiibuto reaction to the ion, and 
com hide, by varying the proportions of the gases, that nitrogen alone is activated An 
approximate maximum value of (wo molecules of nitrogen iwi oxide from one Nj ^ ion 
was obtained 
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It may be mentioned that the yield of oxides of mtrogen in this apparatus is 
equivalent to about 20 gm of nitnc acid per kilowatt hour, whereas an average 
commercial arc process has an efficiency of about 60 gm of nitric acid per 
kilowatt hour 

Summary 

(1) Oxides of nitrogen have been 8)Tithe3i8ed from their elemc nts at pressures 
below 100 bars 

(2) This reaction lias been studied in these gases after excitation by electron 
coUiBion, and is shown to d< pend on the ionisation of the nitrogen Excitation 
of the oxygen is unnecessary 

(3) Evidence is biought forward that the two principal reactions are 

Nj+ + Ojj = 2NO 

and 

f O,- NO4 or Ni+' hOj-^NOj 1- N 

and the independent production of either of these gases is established 

(4) The efficiency of the process is discussed, and it is shown that at the 
higher voltages v< ry nearly all the 10ns formed will react 

Grateful acknowledgment is due to the Goldsmiths’ Company and the 
Department of Scientific and Industrial Research for a grant, also to the Imperial 
Chemical Industries for assistancr in pun hasmg some of the neci ssary appara- 
tus My best tlianks are duo to Prof T M Lowry for his interest, and to 
Dr E K Rid( al, for suggesting the problem for his constant advice, and for 
his siistaimng encouragemf nt 
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The Formation of Ozone from Oxygen after Collision ivith 
Electrons 

By 0 H Wansbrough- Jones, Ramsay Memorial Research Fellow 
(rommiinicated hv T M Jjowry, F R S — Received Nniemlx r 2H, l‘)20 ) 

I ntroduchon 

In a previous paper* the reactions between nitrogen and oxygen after 
collision with electrons have been described, and mi ntion was made of some 
anomalies noticeable in the total absorption of gas It was natural to suppose 
that the formation of o/one playid a part in these, and accordingly a more 
detailed study has been made of the behaviour of oxvgon in the same apparatus 

The results obtained agree best with a mechanism requiring neither atoms nor 
ions for the formation of ozone, but rather an exiited ion of short life, a 
possibility which is not contradicatcd bv previous experimental work 

Erpenmenlal 

In the previous paper it was noted that there was a slow removal of oxygen 
in the low-voltage arc The first experiments were made to find if this was 
connected with ozone formation 

The first form of the apparatus was identical with that desenbed in the 
previous paper Aftei a most thorough evacuation, the apparatus was i harged 
with oxygen to a pressure of about 200 bars, or in some expenments up to 
1 mm The hlamcnt having been heated and the acceleratmg potential 
applied to the grid the rate of fall in pressure was examined No ozone was 
detected at any time, and the results of these experiments are summarised 
below 

1 A very slow purely thermal reaction with the hlament was found to 
depend on the temperature of the filament and the state of the coating of 
oxide, to be independent of the applied potential, and agreeing with earher 
workf on the oxidation of platinum, normally to be neghgible 

2 When potentials slightly greater than the arcing potentials were apphed 
the absorption of oxygen became more rapid, but was still very small indeed, 
so small that it is not possible to state that the absorption is then due to the 

* V mipra, p 511 

t Rideal and Wansbrough Jones, ‘ Roy Soo Proo ,’ A, vol 123, p 202 (1929) 
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formation of ions Some evidence was, m fact, obtamed suggestmg that there 
was an “ electrical ” reaction below 12 volts additional to the thermal reaction 
mentioned above, but generally at 20 volts more ions were formed and an 
increased rate was noticeable 

3 During the run liquid air surrounded the vessel At the end of each 
experiment it was removed and search made for any increase in the pressure 
of oxygen additional to that due to expansion Oxygen atoms stuck to the 
walls or ozone would both form oxygen molecules on striking the platinum 
anode, but no mcrc'ase m pressure attributable to eithei of these two causes 
was ever found In a few runs an increase in pressure on removing the liquid 
an was found, but always it was due to imperfect baking having left some 
carbon oi hjdiogen 

4 Applied potentials between 30 and 00 volts gave a higher rate of absorp- 
tion, but even in 3 or 4 hours and with currents up to 4 ma the reduction 
of pressure would larclv exceed 30 bars Measurements of tlu electron 
efficiencies weic unit producible, ranging from about 100 to 6000 electrons per 
molecule removed a viiy diflinnt order from that found in mixturis of 
nitrogni and oxygen 

6 Th( rate of absorption became slower after a series of runs between which 
air had not bcui admitted to the valve 

b In some runs the absorption stopped completel} after a time , always 
those at a relatively low t< mperature where the thermal n action with the hot 
hlamtnt was negligible 

The tai it assumption that if ozone was produced it would be removed must 
not b( allowed to pass without ({uestion The vapour pressure of ozone at 
— 1 90° C IS about 0 035 mm * so that in small concentrations it would not 
be frozen out, but it would be absorbed on the glass walls of the tube Attempts 
to increase the absorption by introducing small quantities of silica gel gave no 
alteration in the results If a very small concentration of ozone had been 
present in the gas, signs of ‘ tailing ” on the mercury m the McTjeod gauge 
might have been seen, but these were never observed Probably, however, 
such taihngs would only be produced if a little water vapour was present The 
detection of ozone in these experiments then really tests on the power of the 
glass to absorb small quantities of it at low pressures and to give it up agam 
when warmed 

Ozone if formed might decompose on the platinum anode Removing this 

* Spangenberg, ‘ Z Phys Chom vol 118, p 419 (1926) , Schwab, ‘ Z Phys Chein ’ 
vol 110, p 699(1924) 
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altogether was not prtwjticable, but it was replaced by an open platinum wire 
helix of the same diameter The arc could then Ik brought in apparent contact 
with the glass walls, and if ozone molecules had been present and the pressure 
low enough they would have been able to diffuse on to the cold surface At 
higher pressures the green glow of the arc closely surrounded the falament, 
and ozone might have been formed and decomposed without being detected, 
as seems likely from subsequent experiments 
The removal of oxygen in these experiments depends primarily on the state 
of the glass walls, and is not due to the formation of ozone Taylor* has 
shown that oxygen, excited by an elcctrodeless discharge can react with 
hydrogen in the glass , while Daltonf has shown that oxygen, activated by 
impact with electrons having i ni rgics of over 8 volts, will react with solid 
carbon It is evident that oxygen so activated “ combines ’ with the glass 
walls, and that ions need not be formed before this reaction can take place % 
The absence of ozone in these experiments suggested that possibly a second 
gas was needed to carry awav the surplus energy after a collision Warburg 
and Kump§ obtained a greater yield of ozone on ozonising air than the partial 
pressure of the oxygen warranted, and Jiulard|| showed that the addition of 
40 per cent nitrogen more than doubled the yield of ozone Helium was 
therefore added to the oxygen up to a total pressure of 1 mni in some' experi 
ments, the percentage of helium being from 30 to 90 per cent The arc was 
obviously a mixture of both oxygen and helium, and this gas also increased 
the total ionisation current ^ No traces of ozone were detectable, however, 
and hehum serves merely as a diluent, modifying the rate of clean-up but 
slightly, and the character of it not at all 

Experiment with a Flow Mithod 

It was clearly desirable to find some more convincing proof of the absence 
of very small amounts of ozone, as, for example, by accumulating a quantity 
of the supposed ozone oxygen mixture The conditions in which it was desired 
to conduct the experiment rendered this a difficult matter, as low pressures of 

* ' Koy iSoc Proo A, vol 123, p 252 (1929) 
t ‘ J Am Chem S<X! ,’ vol 61, p 2398 (1929) 

t CJ also Meitdal, ‘ Am Phys vol 85, p 612 (1928) , G E C , Wembley, ‘ Phil Mag ,’ 
vol 8, p 653 (1924), etc 
g ‘ Z Phys ,’ voL 32, p 246 (1926) 

II’ Bull Rci Acad Roy Belg ,’ vol 12, p 914 (1926) , Pinkus and Juilard, ihtd , vol 
24, p 379 (1927) 

^ CJ Dufiendack and Smith, ‘ Phys Proo voL 34, p 71 (1929) 
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oxygeu were easential, and it was important that water vapoui ehould be 
rigorously excluded An optical method is not suitable since diy ozone is 
very unstable, and after trials with such substancis as solid iMitassiuin lodidt, 
starch-iodide papei, <n silica gel , or attempts to hnd meicuiy ‘ tailings, ” 
or an oxide him on silver (all of which failed owing to the diyncss of tin 
system), concentrated sulphuric and was usetl as an absorbent * 

The apparatus used is shown in hg 1 Oxygen, at atmospheric pnssnie, 
prepared by the electrolysis of baryta solution, passes into the tube A and h aka 
through the pipeclay stem in A into the vacuum side of the apparatus Raising 
or lowering the mercury reservoir B covers pait of the stim and so controls 
the rate at winch the oxvgeu flows through, tin pressure lun be vaiicd cisil 



from (• 1 mm to 4 mm and other ranges i an be used Traces of vapoui from 
the wax cementing the pipe stem to the glass, or other impurities, arc removed 
by passmg the gas over copper oxide heated to 400° C in the furnace C, fioiii 
which the oxygen goes through a hqmd air trap D to the valve E The triodc 
here is built up entirely of platmum, the filament about 1 cm long being coated 
with banum and calcium oxides, and the middle of it, from which nearly all 
the electrons are emitted, is about 1 mm from the grid Thi nee the gas passes 
through the absorption apparatus F to the vacuum line The tube F contains 
a colunm of glass beads supported on a glass spiral held in a wide part of the 
* Gnifenbwrg, ‘ Z Anorg Chem.,’ vol 30, p 360 (1003) , Brand, ‘ Am Phys ,’ vol 0, 
p 408 (1020) 
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fcube Pure sulphunc acid is forced up slowly from the reservoir G and drops 
on to the beads and keeping them moistened is collected in the senes of bulbs, 
which are then sealed off one by one with the sulphunc acid contaming the 
ozone found in one run Thus several consecutive runs could be made without 
allowing air to enter, or remoAung the hqmd air traps, makmg them much more 
reproducible The column of beads had to allow free passage for the oxygen 
and m fact the pressure on the valve side of the column could be easily kept 
down to 0 05 mm At the end of a run the current was switi hed off and the 
oxygen allowed to flow through for half an-hour The beads were then washed 
with several small charges of sulphunc acid, allowed to dram for an hour, and 
the bulb removed About 10 c c of acid were generally n moved m each bulb 
The electrical connections have been described previously 

It was soon found that with pressures above I mm traces of ozone wen 
obtamed in the sulphunc acid The method of procedure was thus to ( h an 
and bake out the apparatus lompletely and adjust the late of flow and the 
pressure The furnace C was heated up, and after gas had been flowing for a 
time the heating current for the hlumcnt and the accelerating voltage were 
switched on, and the oxygen run through for 0 to 10 hours, so long a time being 
necessary for enough ozone to accumulate 
On completing the rim the sulphunc acid was lu utralised, potaasiiim iodide 
added, and the titration made with approximatelv N/IOOO sodium thiosulphate 
Blank runs made by flowing oxygon through in piecisely the same condition 
but with no apphed potential never gave a tiace of blue colour when starch 
and potassium iodide were added The valve was kept cooled in ice, pressure 
readmgs were taken periodically but varied very shghtlv indeed, and the rate 
of flow of the oxygen was found from the amount of oxygen which had lieen 
taken from the aspirator in which it was stored 
No accurate information was obtainable as to the eflioiency of the absorption 
apparatus and the total quantities of ozone found have little meaning , but 
that the relative concentrations in different runs were i omparable was shown 
by the reproducibihty of the results 

Three variables can control the amount of ozone found , the rate of flow, 
the pressure, and the apphed potential 

1 The rate of flow varied from 600 to 100 o c of oxygen at atmosphenc 
pressure per hour There was a slight mcrease of about 20 per cent m the 
ozone found when the flow speed was mcreased five times This is good 
evidence that there is httle decomposition of ozone after formation, and that 
therefore the yields found are directly proportional to the amount of ozone 
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actually formed In the aubaequent discussion values for yields at rates of 
flow above 500 c c per hour are used, beyond which rate alteration had no 
effect 

2 No o/one was ever detected unless at least 25 volts were apphed 
Increasing the voltage increased the yield slowly and regularly, and there are 
no definite voltages where any marked (hanges occur Relatively high pres 
sures are used, and the actual meaning of this voltage requires more discussion 
Calibration of the apparatus was, as usual, made by determining the ionisation 
potential of helium 

5 The pressure has the greatest < fleet on the yield as w ill be seen m fag 2 
Tilt number of molecuhs of ozone pro- 
duced per hour at 50 volts are plotted « ^ 
against the prtssuie It is noticeable r 
that th( amount of o/one decreases with I 
diminishing pressun*, none being found j ^ 
below 0 8 mm The rate of increase | 
decreases as the pressure increases a 

Ihscusision ; * 

Exntatiou of the oxygen is clearlj j 

necessar) and the failurt to obtain o/onc ^ 

at low pleasures can only mean that a 
species of short life is being produced 
which, at the loati pressures, reverts 
to a state ineffectivi in making o/one befori making a successful collision 
The critical energy to which the electron must be accelerated was found in 
this apparatus to be about 25 volts, which is considerably above the ionisation 
and dissociation potential of oxygen of 20 volts The distance between 
grid and filament was about 1 5 mm and the pressure 1 mm The mean free 
path of the electron in oxygen at an assumed temperature of 500" (j is 1 d mm 
from the kinetic theory or about 1 mm from direct measurements at this 
pressure The mean free path of the electron is then distinctly shorter than 
the distance it must travel without loss of energy m order to acquire its full 
velocity , and only some 20 per cent will have the full velocity It was 
noticeable m these high pressure experiments that the low voltage arc was 
very near to the filament and did not extend to the gnd 
There must, therefore, be some uncertainty as to the true energy required 
for the formation of ozone, and the results from the efficiency of the process 
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cannot dispel them 25 volts is undoubtedly a maximum, but the true mim- 
raum cannot be found with certainty except by greatly reduemg the space 
between the grid and hlament which is not practicable with a valve of this 
type, t e , where a hot wire is Usexl as a soune of electrons None the less the 
yields are undoubtedly low and m no way comparable to the number of ions 
produced, and hence it seems likely that further excitation of ion or atom is 
necessary The most probable interpretation is that atomic or molecular ions, 
or atoms which have a long life, are not able to form ozone, but that an ion 
must be in an excited state before it can form ozone The high energy reipiired 
strongly suggests an excited ion rather than an excited atom or molecule 

The yield increases slowly above 2 mm at which pressure the apparatus 
could not be conveniently used on account of the short mean free path of the 
idectron and the likelihood of considerable decomposition From 0 8 mm 
to 1 8 mm there was a continuous mcrease in the yield, while below 0 8 mm 
no ozone was ever detected Turner* has calculated the average hfe of an 
excited mercury atom when dissociating hydrogen, a calculation based on the 
variation of yield with pressure, and a sumlar one has been made of the life 
of the oxygen active ion Turner shows that the probability that an ion 
will colhde when excited is given by P — t/(T + t) wlurc t is the mean hfe 
of the excited ion and T the mean time between colhsions The uniformity of 
yield with flow speed shows that no back decomposition has taken place, and 
hence that the equilibrium t oiu entration of ozone has not been reached Tho 
amount of oxone foimed per unit cuirent will then be proportional to this 
probabihty factor 

Smee T is given by pT = 1 /<t*A, where o is the m< an distance between the 
centre of two colhdmg particles and q the quantity of ozone obtamed by 
g = C t/(T -) thus 

1 ^ 1 1 I 
q p r’ 

and accordingly a straight hue should be obtained on plotting 1/p against 
1 Iq, for which, moreover, the intercept divided by the graibent will give A(j®t 

These quantities are plotted m fig 3 and it will be seen that the points lie 
on a straight hne for tho middle values, from which values, therefore, an 
estimate of tho mean life is obtamed At the higher pressures, t e , above 
1 6 mm , the yields do not increase as much as theory demands, but here some 
decomposition is undoubtedly taking place, and this ecwily accounts for the 


‘ Phys. Kev vol 2». p 464 (1924) 
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discrepancy It is more difficult to account for the absence of ozone below 

0 8 mm According to Turner’s equation at 0 5 mm an amount of ozone 
equivalent to 1 c c of thiosulphate solution should have been obtained, an 
amoimt detectable with certamty, whereas none was found It is possible 
that the absorbing apparatus was not efficient enough to trap such small 
quantities, and the yields might have been further reduced by the greater 
number of electrons escaping collision at lower pressures 

In the middle of the range the agreement is fairly satisfactory, since such 
factors as variation in the form of the arc, the temperature of the gas and the 
alteration with pressure of the efficiency of ionisation and activation arc not 
taken into consideration At first sight it might appear that the last effect 
would be large, but the pressure is so high m all these experiments that few 
electrons escape effective c olhsion To allow for this effec t is impossible siiici 
no knowledge is available as to the efficiency of the activation process The 

1 oiigh linearity of these points is therefore to be used not so much as proof of 
the existence of active species but more for 
the most satisfactoiy method of (stimating 
tluir life 

Fromfig n/C-O (m, and 1 /Ao^tC_ 0 119 
and therefore A<t*t — 0 22b 
A 18 ecjual to 

2666 6 X \/‘^ m+j^ * 

' Ke mwi 

where N - h 06 ^ 10*3, ^ i 371 x Uri«, 

0 = absolute temperature, estimated at 773° A 
and m and r/ii arc the molecular weights of 
the colbdmg molecules , p having been ex- 
pressed in millimetres of mercury Assuming for the moment that this 
collision formula is apphcable to ions, and that they are atomic ions, rn — A 2 
and =10, whence A — 4 9 x 10“ and hence a*T — 4 6 X 10~*3 

From the observed energj of excitation it seems most probable that an 
atomic ion is the active species, though Stueckleberg| gives some evidence 
for an excited oxygen molecular ion at 20 d volts which quickly dissociates 
to an atom and atomic ion It should be noted that for a molecular ion, A 
18 4 0 X 10“ and o»t is then 5 65 X lO"** cm* sec 

• Cano, ‘ Z Physik,* voL 10, p 186 (1922) 

t ‘ Phys Rev ,’ voL 34. p 66 (1929) 
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Treating t}io twu possibilities separately, for the molecular ion a is at least 
2 9 X 10““, the diameter of the oxygen molecule, and almost certainly more 
than this since all the available evidence shows that on excitation an ion has 
a larger size Moreover the collision formula used applies properly to uncharged 
particles, whereas charged particles would colhde more frequently giving an 
apparent largi r molecular diameter As a lower hmit — 8 4 x 10“* * * § ® 
giving an upper limit for t of b 7 X 10"“ secs This is a rather short hfe 
for an excited state and is in agreement with Stueckleberg’s suggestion that 
dissociation takes place very easdy to atonuc ions or atoms 

For atomic ions direct, if contradictory, values have been found for the size 
of the ion,* the most probable diameter being between that of an oxygen atom 
and of an oxygen molecule The diameter of the atom is about 1 0 X lb"“ cm 
and that of the ion is taken as 1 b x 10"® cm and therefore a = 2 25 x 10"® 
cm if the atomii ion collides with an oxygen molecule and - is about 10"^ 
secs a not unreasonable value Wien has shown that the hfe of one species 
of excited oxygon ion is about 2 x 10"' seis No explanation other than 
the necessity for excited ion of shoit hfe as an mtermediate product gives such 
a satisfactory explanation of the diminution in vield with pressure 
The formation of ozone from oxygen at pressures between 3 mm and 0 1 mm 
in a direct discharge between metal electrodes has been examined by Huntf 
who also reports a dinunution m yield as the pressure decreases The yields 
are eiiuilibriiim yields which are not amenable to the same treatment, but as 
would be expected equihbnum was reached more slowly at the lower 
pressures 

In no other experiments has the pressure been reduced sulhciently for this 
diminution in }ueld to be apparent 

The suggestion that a highly energised ion is an active intermediaiy in 
chemical reaction m discharge tubes in general has been put forward by 
Flliott, Joshi and Hunt,J whose view was that before such a reaction could 
t ike place, 10118 havmg energy m excess of a critical value must have been 
foimcd Ru8k§ suggested that the combination of hydrogen and oxygen in a 
low voltage arc was due to excitation of atoms or molecules, secondary to 
lomsation 

• Ruttenhauer, ' Z Physik,’ vol 4, p 267 (1921) , Ruohaidt, ‘ Ann Physik,’ vol 71 
p 377 (1923) , Koemgsberger, ‘ Z Phyiik,’ vol 43, p 883 (1927) 

t ‘ J Am Chem 8oo ,’ vol 61, p 30 (1929) 

i ‘ Trans Faraday Soc ,’ vol 23, p 67 (1927) 

§ ‘ Phys Rev vol 29 p 907 (1927) 
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It seems probable that the photochemical production of ozone is due to the 
presence of O4 molecules m oxygen, but there could only be very few of these 
in the neighbourhood of the hot filament, and though Dopel* has found 
evidence for the existence of O4 m the dark space of a discharge tube, it does 
not seem possible to correlate it with the formation of ozone m these oxpenments 
The evidence from these experiments is therefore that, for dry ozone, the 
process of ozone formation is collision between an active ion and a neutral 
molecule folhsion between ion and atom or generally between two active 
species would be rare and while showing etticieiicies of the same order as in 
these experiments, they would not show flit same dependence on the pressure 

Summary 

1 It 18 confirmed that the electrochemical absorption of ox^ gen is a f hemical 
process with the glass walls, not necessarily connected with 10ns 

2 Ozone is not formed by direct collision between normal 10ns and molci ules 
or atoms and molci ules when the gas is drv and at a low pressure 

3 Ozone is formed by collisions between excited 10ns of life of the order of 
10~" secs and oxygen molecules 


Ann PhvBik,’ vol 26, p 1 (1928) 
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On the Coefficient of Heat Tramfei from the Intel nal Surface of 
Tube Walls 

By Albert Eagli , B Sp , and R M Ferguson, M Sc , Manchester 
University 

(Communicated by G ft Stonev, F R S — Received Septembc r 9, 1929 — Revised 
January 21, 1930 ) 

1 InJtrodwtory 

Tlip present work on the transfer of heat from a heated brass tube to water 
flowing through it was undertaken for the Biitish Electrical and Alhed 
Industnes Researih Association though the experimental methods pursued 
were left to the discretion of the experimenters Two important innovations 
compared with the methods of previous experimenters were First, the direct 
heating of the tube by a low tension alternating current , and secondly, the 
discardmg of the use of thermocouples to obtain the temperature of the water, 
this being calculated for any cross section from the amount of heat put into 
the water up to that cross-section The temperature so calculated is what an 
engineer always understands as the temperature of the water The only other 
way of getting a defimte water temperature is to take the temperature at 
points in the axis — a qmte unimportant temperature in practice Naturally 
the value that is obtained for the coefficient of heat transfer depends con- 
siderably on what is taken as the water temperature 

2 Historical 

Many experiments on the transfer of heat across condenser tubes have been 
made with the outside of the tube steam heated, the amount of heat transfer 
being obtained from the rise of temperature of the water flowing through the 
tube None of this work has any scientific value, however, except in the few 
cases where the actual temperature of the tube was directly obtained by means 
of thermocouples Here are included the experiments of Webster,* (fleraent 
and Garlandf and McAdams and Frost J Also worthy of mention are some 

* “ Some exponments m the Condensation of Steam,” ‘ Inst Engmeen and Shipbuilders 
m Scotland,’ vol 67 (1913) 

t “ A Study m Heat Transmisaion,” ‘ Bulletin No 40 Umversity of lllmois ’ (1909) 

i ‘ J Ind Eng Chem vol 6, pp 13 18 and llOl 1106 (1922) 
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early experiments by Stanton* m which the temperature of the tube was 
obtained from its int rease m length 

Webster’s experiments suffer from the disadvantage, among other things, 
that the difference of temperature between the tube and the water was so 
great (the steam outside the tube being above atmospheric pressure and there- 
fore above 100° (’ ) that in view of the greatly var)Tng properties of water 
over the range from 20° f to 100° (’ , his results have comparatively httle 
application to the problems of modern tondensers Clement and Garland’s 
experiments suffer from the fact that the> used an iron tube of about one-eighth 
of an inch ( $ mm ) thick Thermocouples gave the temperature of the out- 
side of the tube win reas it was the temperature of the inside surface which was 
required , and it has been pointed out by McAdams and Frost that the un 
certainty of the thermal conductivity of the iron render Clement and Garland s 
results uncertain by about 50 per tent Moreover the increasing him of iron 
oxide which must develop with use must make reliance on their results 
difficult 

Probably the most accuratt* experiments published when the present work 
began were those of McAdams and Frost , but they had only obtained the 
coefficient of heat transfer for comparatively isolated cases, whereas, owing to 
its great variation, a systematic examination was required covermg a wide 
range of water velocities, water temperatures, tube diameters and heat flow 
rates Only when this has been done can any useful theoretical deductions 
be made from the experimental results The experiments of Stanton also 
covered too hmited a range , moreover Stanton’s tubes were too short to give 
accurate coefficients of heat transfer since it is not till the water has traversed 
a sufficient length of the heated portion of the tube, to estabhsh the hmiting 
distribution of temperature over the cross section, that a defiiute coefficient can 
be obtained The prest nt experimental values refer entirely to these hmiting 
coefficients 

S Range of CondUtons covered by the present Experiments 

The present experiments on commercial brass tubes covered the desired 
wide range of conditions The water temperature was varied from about 
40° F (5° C ) to over 140° F (60° C ) , the water velocity from 1 ft per second 
(30 cm per second) to 11 ft per second (310 cm per second) , the outside 
tube diameters from J inch to IJ inches (inside diameters from 1 02 cm to 
3 56 cm ) , while the heat flow rates varied from 4000 British thermal umts 


• Phil Trans.,’ voh 190, pp 67-88 (1897). 
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per square foot per hour to 20,0()0 British thermal units per square foot per 
hour (0 30 to 1 50 calories per square centimetre per second) 

For each tube the water velocity was adjusted as nearly as possible to the 
desired round figure of so many feet per second, and tests were taken at various 
inlet water temperatures and rates of heat flow at this velocity 

In the present experiments the experimental tube was cleaned at the com- 
mencement of every mormng’s or afternoon’s experiments, by drawing a wash- 
leather plug through it Other experimenters do not seem to have sufficiently 
realised the necessity of this if accurate coefficients are to be obtained The 
dirt removed was chiefly hydrated oxide of iron from the connecting pipes and 
was especially pronounced at the higher water temperatures 

4 Symbols 

The following symbols are used, all the quantities being m (’ 0 S units — 
d 2o “ diameter of tube , 

0 — temperature of fluid (° C ) , 

AO = the temperature difference betwetn the inside tube suifaie and 
the calculated mean temperature of the fluid at that cross 
section , 

H = heat flow m calories per square centimetre per second of internal 
tube surface , 

kot kn = H/A0 = coefficient of heat transfer 
kf, — value of k when H = 0 , 
p = density of fluid , 

s = specific heat of flmd (at constant pressure m the case of a gas) , 
c — thermal conductivity of fluid , 
p, =r viscosity of fluid , 

V — mean velocity of flow , 
v„^ = pv ~ “ mass velocity ” , 

f — “ theoretical ” thickness of viscous flow film at tube wall , 

<f>f = actual thickness of above him , 

(7 = [is/c This measures the departure from the ideal gaseous state 
for thermal conductivity, and might appropriately be called 
the “ coefficient of hquidity ” , 

T = pwd/ix This 18 known as Reynolds’ number, and may 
appropriately be called the “ coefficient of turbulence ” , 

R = wall friction (in dynes per square centimetre) at tulie surface 
caiising'the loss of hydrostatic head 



HecU Transfer from Interrial Surface of Tube Walls 548 

Z = R/pt;® 18 a function of t only which has been expenmentally 
detennined by Stanton and Fannell * Z is sometimes known 
as “ Lees’ function,” he having given an empirical formula 
for it 


5 Dtntenstotial Equations 

The consideration of the dimensions of the quantities involved, shows that 
if Q IS the amount of heat gamed or lost in umt time by a surface of any fixed 
shape, and of Imcar dimensions proportional to I, when a fluid of density p, 
specific heat «, viscosity |i, and thermal conductivity c, flows past it with a 
velocity w , and if the difference in temperature between the surface and any 
point m the fluid (m any given direction and at a distance proportional to 1) 
IS 0, then Q is given by 

Q = piV* F {s0/u®, pvl/fi}, (1) 

where F is any function of its three arguments f 
If we assume that the temperature difference, 0, is infimtesimal it is obvious 
that Q will be infinitesimal and that Q/0 will, m the limit, be independent of 0 
In this case Q can only involve 0 through sO/v® as a factor Hence we have 
hnut Q/61* = pv4 F {(x.i/c, pvl/n) (2) 

As the left-hand side is proportional to the heat transfer coefficient, k^, while, 
for a pipe of diameter d at points too far, both from the entrance and the point 
at which the heating begins to be affected by the initial irregularities due to 
these causes, no linear dimension is concerned save d, we get, on replacmg I by 
d in (2) and inverting the formula for convemence, 

pvs/4o = v««/Ao — F (3) 

where a = ps/c, t = pud/p and t;„ = pv is the mass flow Experimentally, 
pt) 18 the quantity W /Af, where W is the weight flowing past a cross section of 
area A in the time t For water, we have termed v* the “ nominal velocity ” 
Equation (3) does not accurately hold for finite rates of heat flow because 
some or all of the quantities p., s, c and p change with the temperature , and 
* ‘ PhiL Trsns..’ A, voL 214, p 199 (1914) 

t See eg A H Gibson, “ The Mechanical Properties of Fluids,” p 180 This formula, 
of oouiM, entirely neglects any transfer of heat through the fluid by direct radiation, and 
so IS not apphoable to most gases where this may bo a considerable fraction of the whole 
transfer The external pressure to which the fluid is subjected is also assumed by this 
formula to have no effect on k This must practically be so for both gases and otdmary 
liquids, but need not be so for hqtuds and rapours near their ontical pomt where the molecular 
complexity chuiges greatly with a change of pressure 

voh oxxvn— A 2 N 
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hence to get k then by (3) would neceeeitate aubstituting the values of (i, «, c 
and p for some unknown temperature mtermediate between that of the tube 
and the liquid 


By the principle of small variations and the theory of dimensions we get 
kfi, the coefficient for a small but not infinitesimal, rate of heat flow, H, given 


by 




8 (/O 


< do 


+ 



(4) 


where the X s are mere numerical constants or functions of the dimensionless 
quantities a and t In the case of many liquids dsjdQ and dp/d0 are negligible 


6 Osborne Reynolds Theory of Heat Tratufer and its Modifications 
Osliorne Reynolds’ well-known theorj of heat transfer, founded on the 
similarity of the manner in which turbulent fluids convey both heat and 
momentum, gives, if we ignore the presence of a viscous flow film over the 
surface, 

= Z-» (6) 

If a viscous him of small thickness is supposed to cover the tube wall and the 
whole of the turbulent core is supposed to have the velocity v and no thermal 
resistance, it is easily found, by calculating the thickness of the film from the 
Viscosity, wall friction and transverse velocity gradient, that 

= oZ-> (5 a) 

G I Taylor* allowed for the expenraentall) demonstrated fact that the 
velocity at the him boundary is only a fraction, say of i, so that the film 
thickness is only <f> of the above amount , in this case it can be shown that 
V„s/k, = {] - ^ 4 Z-1 ^ + (<T - 1) Z-\ (6) 

an equation first explicitly given by Sir T E Stantonf though he derived it 
from, and it is imphcd in, Taylor’s paper just cited which was origmally pub- 
lished prior to Stanton’s paper Equation (6) may convemently be called 
the Taylor formula though neither Stanton nor Taylor specified that the heat 
flow rate was to be infimtesimal 

It 18 to be noted that when a = 1 -and it is not greatly different from umty 
for most gases and vapours— -the presence or the viscous flow film is without 
effect on the thermal resistance as (6) then reduces to (6) But equation (6) 

* ‘ Teobnioal Report of Adviaoiy Oommittee for Aeronautics,’ vol 9, p 423 (1917) 
t ‘Technical Report of Advisory Oommittee for Aeronautics,’ vol 8, p 10 (1910) 
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IS m strong contradiction to what the present results give when extrapolated 
to a = 1 For cr = 1 it will be seen that the results in Table I (p 556) give 
= 1 48 Z~’ when log t = 3 7 

falling to 

^mS/*o = 1 04 Z~* when log t = oo , 

showing a very large discrepancy at low values of x wluch indicates that when 
the turbulence is feeble the thermal resistance of the fluid is much larger than 
18 given by Reynolds theory 

Now Stanton and Pannell’s results on the loss of hydrostatic head show that 
if the loss of head for turbulent flow is extrapolated past the unstable and 
discontinuous region, it will become identical with the loss of head for viscous 
flow when log t ~ 3 07, te , say when t ~ 1175 Since is the mam 
variable factor in (6) in the expression for v„sjka it may be expected with some 
reason that the A;„ a when extrapolateil, first to o — 1 and then to low values 
of T, should agree with the calculable results for pure viscous flow at about 
log T = 3 07 Also /cq for viscous flow is calculated in Appendix A. as 

llcr/6Z (7) 

At o = 1 this 18 = 1 833 Z“* The present results indicate a very 

satisfactory tending to this value at about log t — 3 07 

It 18 noteworthy that though the present results difier so markedly at low 
turbulence from the Taylor equation (6) they dosely agree with a general 
hnear formula m a, say, 

+ ( 8 ) 

where a and p are functions of t only In fact this equation could be made to 
represent the whole of the present results covering from a = 3 0 to a = 10 6 
and all values of t to within 1^ per cent Nevertheless the deviation of the 
results from (8) was perfectly regular and systematic and in the manner which 
theory indicated was to be expected Taking (8) to represent the results with 
suflicient accuracy, (7) shows that both a and p must become 1 1 /6 for viscous 
flow 

It IS, of course, possible to calculate ^ m (b) so as to make agree with any 
experimental kg, but the <f>’s so calculated arc not constants but vary with both 
<j and T Now if has the physical meaning attributed to it, it is absurd to 
suppose it vanes with a since it obAnously has nothmg to do with the thermal 
conductivity which is involved m a , nor can the heat flow upset the value of 
<f> for we are only deabng with tnfintlemmal rates of heat flow 

Smee the thermal resistance of the viscous flow him cannot, apparently, 

2 N 2 
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be very different from < f > times the value m (6a),* it appears that the expression 
m (5) cannot be considered as valid for the core but only as the value to which 
Its thermal resistance would tend for very high rates of turbulence Comparing 
equations (6) and (8) for both the film and the core we see that ^ — and that 
the thermal resistance of the core is (a — p)/(l — <f>) times its value given by 
Reynolds’ theory At t = 6000 (t e , log t = 3 7) this ratio is (see Table I 
below) (1 483 - 0 480) -J- (1 - 0 480) = 1 93 , at t = 1,000,000 this ratio 
has fallen to 1 065 , and it is shown in § 14 that there is evidence that it is 
below this, and presumably, exactly umty 
It IB easy to see on theoretical grounds that the thermal resistance of the 
turbulent core must be considerably more than its value given by Reynolds’ 
theory when the turbulence is feeble and sluggish It can also be seen that 
in this case the thermal resistance must depend appreciably upon the thermal 
conductivity for complete temperature equalisation , that is the thermal 
resistance of the core itself must vary (at least when t is small) with a It 
follows from this that it is impossible to apportion the thermal resistances 
of the core and film Smce the resistance of the core will increase with 1 /c it 
m ust increase with o Hence the P<t term m (8) will represent part of the thermal 
resistance of the core as well as the resistance of the film Consequently 
the fractional thickness of the film, is less than ^ 

7 The Formida Adopted 

As there must be, between the film and the core a region whose mean 
behaviour is mtermediate between the behaviour of these, theory mdicates 
that v^sIUq instead of being a hnear function of er should be a continually 
increasing function of it with a gradient contmuously decreasing to some 
asymptotic value, which asymptotic value would give the value of (f> for the 
VISCOUS film This variation with a is exactly what the present results indicate, 
except that m the variation with <s (for a constant r) the curvature of the curves 
18 so small for the range of <s covered (3 0 to 10 6) that no rate of change in 
the rate of change of slope could be detected 

It follows that the present experiments can be exactly represented by 
v^sjk^ = A' + B'o — Co*, 
or, as we prefer to write it, by 

=» A + B (o - 1) - C (o - 1)*, (9) 

* The effect of the curvature of the tube wall is easily calculated (since fjd ■■l/Zr) 
and will be found to be quite smaO 
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where A, B and C are positive functions of t only Inserting as a factor 
in the nght-hand side, we may write 

= {« + p («T - 1) ~ Y (<T - !)»} Z-i (10) 

The experimental results gave ample justification for msertmg Z"^ as a factor, 
in that a, p and y were all found to be continuously decreasing functions of t 
apparently tending asymptotically to dehmte limiting values 

Tables of A, B, C, a, p, y and Z~‘ — the latter from Stanton and Pannell— ' 
are given below (p 666) It may be noted that Z“* is, as is easily proved, 
equal to 8N, where N is the number of diameters of length in which the loss of 
hydrostatic head is equal to the velocity head It should also be noted that 
formula (10) has only been arrived at for the range 3 0 < o < 10 6, and it 
should not be used when a is, say, >15 The quantity v^sjk^ is necessarily 
always an increasing function of a whereas (10) gives a maximum value when 
a — 1 — p/2y— a value in the neighbourhood of 40 to 50 
As pointed out above, the resistance of both the core and the intermediate 
layer must increase with a, so the resistance of the him is less than the po term m 
(10) , in fact, the p appertaining to the him resistance proper should be less than 
the rmmmum slope given by « + p (<t — 1) — y (o — 1)^ over the experimental 
range This slope is p — 20y when o — 1 = 10, which is roughly equal to 
0 25 

From the present experiments none of the quantities A, B, C or oc, p, y 
appear to be simple analjdjic functions of t so that no attempt is here made to 
find formulse for them A set of large scale graphs which can easily be con- 
structed from the tabulated values given below is far preferable to comphcated 
empirical formulse 

Although the present experiments have been exclusively confined to water, 
it will be seen from the above analysis that the functions A, B, C and a, p, y 
must be the same for all fluids, hquid and gaseous, just as Z is the same for all 
fluids The hmitations on these results, viz , that they only apply to an 
infimtesimal rate of heat flow and after the imtial irregulanty has died down, 
must not be overlooked Also, in the case of gases, it must be remembered 
that the transfer of heat by direct radiation may be an appreciable fraction of 
the total amount 

8 DescnjAton of Apparatus 

A diagram of the expenmental tube with its salient fittings is shown in fig 1 
The dimensions there given apply to the | inch tube, though tubes of nominal 
outside diameters of J inch, f inch, 1 inch and 1 J inches and of mean internal 
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Fro J — Diagram of Apparatus 


diameters of about 1 025 cm , 1 659 cm , 2 29 cm , and 3 66 cm , respec- 
tively, were all employed 

A length of 6 feet 3 inches of a |-mch tube, which was 15 feet m total length, 
was heated clcctricallv by a low tension alternating current, fed into it b> six 
copper straps of section 1 J inches x i inch m parallel* at the heavy brass lugs 
shown, which were soldered on to the tube Two copper-ronstantan thermo- 
couples were soldered on to the tube at 1 3 J inches respectively from the ends 
of the electncally heated portion, care being taken that the two wires emerge 
separately, but near together, from a small blob of solder To prevent any 
coohng of the thermo-] unction the two wires were laid down close to the tube 
for about an inch and insulated from it by a thin flake of imca, and the wires 
and the tube at this place were then wrapped round with asbestos rope Two 
grooved rings were also soldered to the tube at two points 6 feet 1 inches apart 
where four small holes had been dnlled through the tube wall These served 
to determine the loss of hydrostatic head over the included portion of the tube 
Immediately beyond the heated portion the tube projected into a water box, 
also shown A brass end piece shaped somewhat like a tobacco pipe fitted 
into the end of the |-mch tube and the “ bowl” served to contain the bulb of 
a mercury thermometer, which was used to obtain the temperature of the outlet 
water, together with the “ cold junctions,” immersed in oil in thin glass tubes, 
of the two thermocouples mentioned above A third thermocouple with its 
hot junction in this bowl was used to obtain the temperature rise of the water 


* Twelve straps in parallel were used for the 1 ) inch tube 
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and 80 to check the electncal heat supphed With the 1-inch and the l^mch 
tnbea this “ tobacco pipe ” was not necessary, nor was it necessary with the 
|-mch tube at the higher velocities, while it was required m all cases for the 
i-inch tube 

The water supply came from a tank (not shown) 18 feet above the experi- 
mental tube The water m this tank could be heated by direct steam heatmg— 
the steam issuing from noxzlcs and mixing with the water A motor driven 
stirrer was also provided 

The value of the electric current was given by a bus bar transformer and an 
ammeter which were calibrated together against a Kelvin current balance in 
the Electncal Standards Department of the Manchester College of Technology 
The electncal resistance of the heated portion was obtained by previously 
Gompanng on the potentiometer the drop of potential across the brass lugs 
with that across a standard low resistance of about 0 002 ohm in series with 
it when a direct current passed through both This was done with water at 
different temperatures flowing down the tulie The electrical input was 
taken as given by C*R, the error due to the unequal distribution of current 
over the cross section being utterly negligible The extreme i iirrc nts employed 
varied from 620 to 2750 amperes for the different tubes 

The third thennocouple mentioned above had its cold junction immersed in 
oil in a thin glass tube, inserted into the condenser tube about 2 feet before the 
commencement of the heated portion It served to clu ck the electrical heat 
supphed , and the two heats were found to be in quite satisfactory agreement 
being often withm 1 jier cent and nearly always within 2 per cent The heat 
supphed could be determined with much greater consi^teni accurac v electrically 
than by this thermocouple, as the arrangement at the inlet water junction was 
not so satisfactory for getting the temperature of the water as that at the outlet 
end, and the diameter of the tube being too small to permit the temperature 
being taken up accurately by the thermoj unction, so that it was the C*R 
determination of heat which was alwajs used in rediumg the results The 
check served, however, to show that there was no reason for doubting the 
accuracy of the electrical heat to more than 1 per cent 

The two thermocouples soldered on the tube were calibrated in ntu by running 
water at various temperatures and a fairly high velocity through the tube and 
placing the “ cold-junctions ” cither m ice or in a thermos flask which contained 
oil or water heated to any desired temperature up to about 230° F From 
these results a graph was constructed showmg the ‘ thermoelectric power ” 
plotted against the mean temperature of the junctions over a range from about 
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40° F to 190° F The E M F of the thermocopules was obtained on a potentio- 
meter in the usual way with a Weston normal cell employed to ensure a constant 
potential gradient down the potentiometer The sensitivity was about 10 cm 
of wire to 1° F 

The mean internal diameters of the tubes were determined by weighing 
them empty and full of water This readily gave the weight of water per 
second corresponding to a (nominal) velocity of 1 foot per second 
The mean water temperatures at the positions of the thermocouples were 
Calculated from the heat put into the water up to those positions , that is, it 
was taken to rise linearly along the tube The temperature drop across the 
tube wall was allowed for, but since the heat was generated throughout the 
bulk of the material this drop was onlj half what it would have been had the 
heat been supplied from outside the tube The loss of heat from the external 
surface of the tube was determined and allowed for, though it was nearly 
neghgible 

Three heat flow rates of approximatelv 4000, 12, (KM) and 20,000 B Th U per 
square foot per hour were adopted as the most convenient (save in the case 
of the 1 J inch tube where the rates had to be reduced to 4000, 8000 and 12,000 
on account of the large currents required) As the bus-bar transformer had 
two windings which could be connected either in series or parallel, heat flows 
in the ratio 13 5 gave very comparable ammeter readings m the ratio 
2 y/i ■y/S In the case of the J-inch tube the current was so small that it 
was led twice through the bus-bar transformer 
The alternating supply was from a separate turbo generator and the heating 
current was kept constant by continuous hand regulation of a liquid rheostat 
in the primary circuit of the transformer by an observer watching the bus bar 
ammeter 

Nominal or “ mass flow ” water velocities of 2, 3, 5, 8 and sometimes 1 and 
11 feet per seiond were mostly employed, and were set as near as possible 
beforehand till the nght weight-flow in 6 nunutes was obtained Correction 
to these exact velocities was made taking I to vary as * Inlet water 
temperatures in steps of about 20° F (or less) from 40-50° F to about 140-160° F 
were taken, this temperature, and the water velocity, being kept constant 
while the tests at the three heat flow rates were made 
To obtain greater accuracy in the k’s the three values of A 6 (the net tempera- 
ture difference between the tube and the water) were plotted against the rate 
of heat flow and a smooth curve — a slightly curved parabola — was drawn 
through the origin among these three points The AO’s used in calculating 
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the k’s were those taken from this curve This method was especially valuable 
at the higher temperatures where it was difficult to get temperature differences 
correct to the desired 0 02 to 0 05° F , since it was difficult to keep the tempera- 
ture of the mlet water constant to anything like this when it was being pre- 
heated by 50-100° F 

It 18 perhaps worth while placing on record here the fact that the potentio- 
meter used with the thermocouples was a Callendar and Gnffiths bridge with 
the connections transposed for potentiometer use This had the effect of 
doubhng the value of the coils in terms of a centimetre of wire and necessitated 
the electncal determination of the “ end corn ction ” of the wire With the 
ordinary student’s metre-wire potentiometer first employed very considerable 
difficulty was experienced owing to the large kicks which the galvanometer gave 
on makmg and breaking its circuit owing to the alternating current flowing 
through the tube to which the thermocouples were soldered With this excellent 
instrument those difficulties, which threatened to make the use of an electrically 
heated tube impossible, disappeared 


9 A Sample Expenmerd 

In order to allow a critical estimate of the accuracy which the experimental 
method pursued is capable of, we subjoin here particulars of a sample experi- 
ment with one of the |-inch tubes The experiment selected was with a water 
velocity of 6 feet per second and an inlet water temperature of about 87° F , 
and was selected because, corresponding to fairly mean conditions, it gives a 
better idea of the magnitude of the temperature rises usually obtained than 
extreme cases 


Sample ExptnmenUd TeM xuUk a J %noh Tube — A length of 178 80 inches held a weight 
of 2 1476 lbs of water at 61° F giving a moan internal diameter of 0 6613 inch (1 654 cm), 
an internal heated area of 1 0666 sq ft , and a flow of 210 4 Iba in 6 minutes for a ' nominal 
velocity ” of 6 feet per second 


Heat flow First 

1 Heating current in amperes 840 

2 Wmght of water in 6 mmutes (lbs ) 218 

3 Temperature of outlet water (°F ) 88 1) 

4 Temperature rise on inlet (or first) thermocouple 1 87 

0 Temperature rise on outlet (or second) thermocouple 2 91 

6 Temperature of outside of tube at inlet t c 00 77 

7 Temperature of outside of tube at outlet to 61 81 

8 Allowed drop through tube wall 0 12 

9 Temperature of inside tube surfaoe at outlet t c 91 69 

10 Reslstanoe of heated portion of tube in milh ohms 1 913 


Second Third 
1468 1876 

218 216 5 

92 6 96 3 

6 50 8 90 

8 89 14 37 

98 10 105 20 

101 49 110 67 

0 36 0 00 

101 13 110 07 

1 924 1 934 
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Heat flow First 

11 C*R heat in B Th U per foot per hour (1 watt = 

3 412 B Th U per hour) 4320 

12 Extra external heat loss due to rise in tube tempera 

tore with eleotno heat 10 

13 Net heat flow rate H 4310 

14 Calculated water temperature rise from eleotno heat 

and water weight 1 75 

16 Water temperature at outlet t c below exit water 

(=0 18 of above) 0 33 

16 Water temperature at outlet t c [= (3) — (15)] 88 57 

17 Temperature difference between tube and water at 

outlet t 0 [=- (fl) - (18)] 3 12 

18 Above temperature difference corrected to exact 

water velocity 3 14 

10 The same smoothed graphically against H to vanish 

with It [= A9] 3 19 

20 K=.H + A0 1362 

21 K corrected for oonioahty of tube by adding 0 83 

per cent (see below) 1363 

22 Water temperature for above [= (16) repeated] 88 6 


Second 

13,110 

40 

13,070 

5 33 

0 96 
91 64 

9 49 

9 55 

9 47 
1380 

1391 
91 6 


Third 

21,800 

60 
21 740 

8 91 

1 60 
94 70 

15 37 

15 37 

16 40 
1410 

1421 
94 7 


K extrapolated to zero rate of heat flow gives K<, — 1348 at 87 0“ F That is to = 
0 1825 calories per square centimetre per second per "C at a water temperature of 30 6° C 
Now a for water at 30 5° C is 6 26 (see Table II, below, p 669) while t = — 162 4 

X 1 664 + 0 00792 = 31,830 = log- ‘4 603 Now Table I, below (p 668) using the 
values of A, B and C at log t = 4 60, gives v„sjk^ =s 162 4/to ~ or to — 0 1816 i 
while at log T — 4 503 Table I gives t„ =» 0 1818 m very satisfactory agreement with the 
above value especially as the table was constructed long before the above tube was bought , 
and It was bought from a different maker to see, among other things whether the same value 
of t could be obtained from different makers’ tubes 
A source of error discovered rather late m the work was the comcahty of the mternal 
bore of the tubes mentioned m item (21 ) The outside diameters were remarkably constant 
and the same was therefore assumed of the internal bore However, testing the unifornuty 
of potential drops over a measured length showed a vanation of resistance per unit length 
of from 2i to 13 per cent for the different tubes As this resistance vanes mversely as 
the area of the metallic cross sootion it was possible to And the actual internal diameter 
at any pomt from its mean value This necessitated three coiTeoUons to the coefficients, 
k, (i) n correction to the heat supplied per unit length, (u) a correction to the area of the 
internal surface of the tube, and (iii) a oorreotion to the water velocity * 


* There are certain other small errors which must be considered (1) The water will not 
rise at a uniform rate along the tube since its electrical resistance is not constant, the outlet 
end being warmer than the inlet end This wats considered and the effect found to be 
negligible , (2) owing to the heat flow along the tube in the opposite direction to the water 
velocity some of the heat will enter the water before the pomt at which it was generated. 
If f is the heated length, S the area of metalho cross section, Ci, the thermal conductivity 
of brass and 0, the difference of temperature along the tube, tl^ longitudinal heat flow 
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10 Method of Reducing the Experimental Results 

The values of k recorded m this paper depend entirely upon the temperatures 
given by the thermocouple near the outlet end of the tube , the other one was 
chiefly used to obtain the mean temperature of the tube upon which its resis- 
tance depended The values of k, obtained in sots of three as described, were 
plotted against the water temperature at the position of the outlet-end thermo- 
couple and were then mterpolated and extrapolated to give I for the three 
exact heat flow rates of zero, 10,000 and 20,000 B Th U per square foot per 


18 so that the heat flowing into the water lietween the outlet end thermocouple 

and the end of the heated portion is not Stm 0 18< >< H (0 181 is the distance of the 
thermoQouple from the end) but is less than this by c,,.S0,/f The ratio of these quantities 
IS C)^i9,,/0 367 c«/*H In C(>S units this becomes 0,/18OOOOH As 0^ is rarely over 
10° 0 at the highest heat flow rate when II - 1 5 calories per square centimetre per 
second this effect is completely neghgiblc ( J) The dtffrrenixal longitudmal heat flow, 

^ per unit lengtli, becomes transverse heat flow into the water Assunung a paraboUc 

distnbution of temperature along the tube given by 0 - (f x)jl‘, superposed on a 
uniform temperature gradient (this gnes a mid point tempeiature m excess of the anth 
metical mean of the end temperatures bj 0„) wo see that this differential flow is 
per unit length This bears a latio of 4r,b0„,/wd*H to the heat flow into the water per 
umt length Numerically this ratio is 0,„/13O(XM)H and so is utterly negligible (4) The 
sudden drop of tube temperature which would orciir at the point where the heating 
ceases if there were no longitudinal conduction of heat is smoothed off by such coniluction 
and the effect of this will extend for some length along the tube Calculation shows that 
for a thin walled tube of thickness t the reduction of the tube temperature at a distance x 
before the end of the heated portion is approximately ^AO e " where n* =• k/lCi, Taking 
c^ — 0 26, t 0 125 and a very low value of i of 0 OWt— its value for water at 5° C and 
2 feet per second — n = 1 24 So that at the position of the outlet thermocouple, x = 34 
cm this effect is mflmtesimal (5) Another error is duo to the heat flow into or from the 
copper straps via the lugs Ni glecting the C*R heat generation m the copper straps tliis 
error was compensated foi by taking the thermocouple readings on the potentiometer 
when the heatmg current was zero and using these readings as a “ false zero ” This 
method is almost inevitable when it is required to determmo small temperatuie differences 
accurately at temperatures considerably above room temperature by means of thermo 
couples Owing also to this method of working, the external heat loss to be allowed for 
in item (12), above, is not the whole heat lost by the outside of the tube but only the extra 
heat lost by the rise in temperature of the tube dunng heat flow (6) The remainmg error, 
the flow into the tube of the C*B heat generated in the copper straps, could readily be 
detected with the largest of the three currents, by a noticeable creep in the thermocouple 
readings m those expenments, where, owing to the conditions not being sufficiently steady, 
delay was experienced in gettmg the readings Such expenments were repeated another 
tunc We do not think that an error of more than one or two parts m a thousand could 
have arisen in the majonty of experiments from this cause 
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hour calculated on the area of the internal surface of the tube The sets of 
points for these exact heat flow rates at different water temperatures, but the 
same velocity, were then connected by smooth curves From these curves 
values of k at defimte temperatures were selected at the different velocities 
and log k was plotted against log These curves were only shghtly curved 
lines of a slope approximately 0 77 to 0 81 and enabled the k's for the mter- 
mediate velocities (which were generally 4, fa, 7, 9 and 10 feet per second) to 
be obtained 

Having done this work for the four diameters of tubes, the velocities divided 
by the k^a at 40“ F (which gives v„8jkf^ since s = 1 sensibly) were plotted on 
a single diagram against v„d for all the different velocities and tube diameters 
Similar diagrams were drawn for each of the temperatures 60°, 80°, 100°, 120° 
and 140° F By theory all the points on each of these diagrams should he 
on a single curve This was found to be so to withm 1^ per cent , some 
tubes giving points consistently high and some consistently low * 

The SIX mean curves on these six sheets were next replotted on a single large 
sheet with their abscissse divided by the viscosity of water for the temperature 
in question The abscissa were then the t’s The quantity a = [W/c was 
next determined for these six temperatures using Kaye and Higgins’ recent 


* Some of this systematic deviation between one tube and another seems from Later 
tests to be due to the oonioality of the tube the three known effects of conicahty were 
allowed for as above , but in a cheok test in which the same tube was reversed in direction, 
values of k differing by 2 to 3 per cent were obtsmed , the difference apparently being 
due to nothing save the reversal The values of k were greater for a converging than a 
divergmg tube It is difScult to explain this We can only suggest that vortices of a 
certain diameter are formed m the tube, and when movmg along a converging tube tend 
to out away the viscous film more than they would m a parallel tube and thus decrease 
the thermal resistance But even this suggestion seems fantastio considering that the semi- 
angle of the oomoal surface was only about 1/40,000 of a radian Possibly the shght 
irregulanties on the surface were such that they offered less resistance to water flowing 
towards the larger end than towards the smaller end , this would make the viscous film 
thicker in the former ease , and this direction is, of oourae, the direction m which the man 
dnl was withdrawn from the tube after manufacture , it was to facihtate this withdrawal 
that the tubes were made comoaL The k'n for the moh tube were among the high ones, 
but this was thought to be natural as with this tube it was impossible to take the tests as 
many diameters away from the initial disturbances as with the other tubes 
Some tubes from another manufacturer were obtamed and tested after the table of 
results m Table I below was constructed These tubes were found to have considerably 
less oomcality than the previous ones, and the values of the heat transfer coefficient obtained 
from them were in very satisfactory accord with the table, as is seen by the sample experiment 
given above which was from one of these later tubes 
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values for the conductmty of water,* m the absence of which the thermal 
conductivity of water could not be considered to be known well enough to 
make the present analysis reliable Ordmates were next drawn for selected 
values of t and the values of v„slk^ were replotted as functions of <t for these 
values of -r These curves, as previously stated, were found to be slightly 
curved parabolas for which the constants in the equation 

v^slk^ = A + B (o - 1 ) - C (a - 1)* (11) 

were very easily found These constants were then plotted against the 
corresponding value of -r when very satisfactory smooth curves were obtained 
In fact the values of obtained from formula (11) by using the smoothed 
curves for A, B and C agreed with the values of the two large sheets to within 
one-tlurd of 1 per cent practically everywhere 

11 Table of Results 

Table I, below, gives the values as above determined for A, B and C together 
with the values of Z~^ from Stanton and Pannell, and the values of a, ^ and y 
defined by a = AZ, p = BZ and y = CZ 

To get regular smoothed values of Z for this analysis the ordmates midway 
between the two hmitmg curves marked N P L on Stanton and Pannell’s 
well-known diagram (fig 6 of their paper) were taken as giving Z A formula 
to represent these ordmates has been previously published by one of the 
present writers f 

The above seven functions are given for regular intervals of log t that being 
the most convenient variable to plot them against The next most convement 
variable is t"* the values of which are also given Z when plotted against 
IS practically a straight line In the letter to ‘ Nature ’ above referred to, 
reason is given for thinking that any correct expression for Z should be 
mteUigible, when t is negative, which it is when Z is expressed m rational terms 
of T“* This follows since there should bo no sudden discontmuity in Z when 
the curvature of the tube wall — which is 2/d — ^passes through zero, t e , when 
passed through zero For negative values of t, pt;*Z represents the surface 
friction when a very long cylmder of diameter i is dragged axially through 

* ‘Boy Soc Proc,’A, vol 117,p 459(1928) The values of o taken for the sue tempers 
turee were 10 60, 7 60, 6 73, 4 49, 3 02 and 2 99 respectively, the last figure being for 
140“ F 

t ‘ Nature,’ voL 123, p 14(1928) 
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water with a velocity v, which is thus a matter of considerable theoretical 
mterest 


Table I 


log T 

T-1 

A 

B 

100 c 

Z-. 


|8 

1 lOOy 

1 

3 6 

0 0031 




196 

(1 66) 

(0 63) 

> (0 63) 

3 7 

0 0684 

307 

99 * 

123 

207 

1 483 

0 480 

0 59, 

3 8 

0 0541 

311 

97 

124 ( 

220 

1 414 

0 439 

0 30, 

3 S 

0 0501 

315 

90 

120 

234 

1 343 

0 411 

1 0 63, 

4 0 

0 0404 

321 

97 , 

127 , 

260 

1 284 

0 390 

0 51 

4 1 

0 0430 

329 

99 

129 

260 

1 237 

0 172 

0 48, 

4 2 

0 0398 

341 

101 , 

130 , 

284 

1 202 

0 358 

0 46 

4 J 

0 0309 

360 

104 , 

132 

303 

1 176 

0 346 

, 0 43, 

4 4 

0 0341 

372 

108 

133 

323 

1 162 

0 333 

0 41 

4 6 

0 0310 

390 

111 . 

134 

344 

1 133 

0 324 

0 39 

4 U 

' 0 0293 

409 

110 

136 j 

300 

1 1 118 

0 310 

1 0 37 

4 7 

I 0 0271 

429 , 

120 , 

137 . 

388 

' 1 105 

0 311 

1 0 35, 

4 8 

1 0 0251 

460 

120 

140 

411 

1 1 094 

0 307 

1 0 34 

4 0 

1 0 0233 

470 j 

132 

143 

434 

1 1 084 

0 306 

' 0 33 

5 0 

0 0210 

491 j 

138 , 

146 i 

467 

1 076 

0 303 

1 0 32 

6 1 

t 0 0199 

612 . 

146 

160 

480 

1 1 069 

0 302 

1 0 31, 

6 2 

0 0186 

630 

161 , 

166 t 

603 

, 1 004 

0 302 

0 31 

6 J 

1 0 0171 

566 

158 , 

160 4 

624 

! 1 060 

0 301 

f 0 30, 

<5 6 

0 0147 




606 

(1 063) 

(0 301) 

' (0 30) 

6 0 

0 0100 




650 

I (1 046) 

(0 300) 

(0 29,) 

* 

0 




800 t ! 

(1 040) 

(0 300) 

(0 29) 


Numbers in brackets are extrapolated 

The coefficients A,(, are given from the above table by the formulae 
pvsjka = A + B (a — 1) — C (<T — 1)* 

== {a + fi (<j — 1) — Y (<T — 1)*} Z"* 

Values of a for water are given in Table II, below, whde a curve of log l/jji 
or pi for water (or other fluid) is very convenient for evaluating log 
or {p/v„ d}i, t e , t”* 


12 Coefficient of Heat Transfer at Injinite Velocity 
As pointed out, the equation (6) requires that v^s/k,^ = Z~^ when o = 1 
foi all values of t That is, it requires that a m Table I should be unity through- 
out It IS quite possible, and even likely, that this may be so when r — oo , 
for then, and only then, are the conditions necessary to make Reynolds’ theory 
exactly true completely satisfied Experimentally no values of a less than 
3 0 were employed so that the values for o = 1 are a pure extrapolation 
But it was shown m § 7 that the rate of decrease of must increase with 
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increasing rapidity as a decreases Thus it is quite likely that some extra 
term of this behaviour should be added to (10) givmg, say, somethmg hke 
v„s/ko = {a -I- P (a - 1) - Y (o - 1)* - 0 Ola"*} Z"! (12) 

This expression would then satisfy Reynolds’ theory at t = oo and over the 
range of the experiments would introduce a deviation of less than 0 3 per cent , 
which 18 well withm the experimental errors No physical objection can be 
raised against the cr”* term for giving an mfimte value when <7 = 0 since <t 
cannot be much below unity for anv substance We mention this pomt 
chiefly for those who may desire to extrapolate our results below 0 — 30 

13 Loss of HydrostcUtc Iliad during Heat Tramfer 
ft was one of the original objects of this research to determine the loss of 
hydrostatic head at the same time as heat transfer was taking place For 
this purpose the loss of head over a length of about five sixths of the electncally 
heated portion of the tube was measured on a water manometer during each 
heat-flow test These determinations gave the extremely simple result, in 
nearly all cases, that the loss of head during heat transfer was the same as 
if the water had been at the tube temperature and no heat transfer was taking 
place When inlet water down to about 40° F could be obtamed it was found 
that the law was slightly different from this, the loss of head then being the 
same as if there was no heat flow and the water was at its own temperature 
plus about 90 per cent of the difference of temperature between tube and 
water , but with rising temperature this fraction soon became sensibly 100 
per cent It is shown m Appendix B that for purely viscous flow this fraction 
IS theoretically 6/11 ~ 64 5 per cent 

14 Coeffnenls at Fintte Rates of Heat Flou 
We have already given, in § 6 above, the theoretical form of the expression 
for the difference between /fcu and at a heat flow rate H A concrete approxi- 
mate expression may bo obtained theoretically when t is large In this case 
a and p are sensibly constants , that is, they will not vary with the tempera- 
ture, which they do generally since t varies with the temperature through g 
Neglecting the y term in (10) as bemg small compared with the other two, we 
have 

= (a — p -f Po) Z"i , 

where the a — p term and the po term represent the resistance of the core 
and the him respectively Now we have just stated that Z is practically 
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unaltered by heat flow at the same tube temperature Hence for a flmte rate 
of heat flow with a given tube temperature we have merely to change ^ mto 
po where a represents the mean value of a through the film But 


where dQ is the difference of temperature across the film, and the a is the value 
of Of at the tube well temperature Now the difference of temperature from 
tube to water is H/Ah ~ H/^q, and the temperature difference across the film 
18 clearly the fraction Pa/(a — p + p<i) of this amount Hence we have 


2 (a — p + P<t) A:o ^6/ 


whence 


- 

a/ \2o d0/ k 


Now {k^ — kti)/kf^ 18 small for ordmary rates of heat flow in practice, so that 
an approximate evaluation of (13) will suffice It is seen from fig 2 that 



(a — p)/p 18 remarkably constant over a wide range , from t = 13,000 to 
T = 00 it only differs from 2 45 by less than 4 per cent Hence we have, 
approximately, for large values of t. 
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Table II, below, hIiows the value of o and ^ for water m Centigrade 

unite The values of or are required for use in conjunction with Table I , 
they involve a considerable extrapolation of Kaye and Higgins’ linear values 
of c, but they have been givin to 160° C because values of n for such tem- 
peratures arc required for modern feed-wat< r heaters, foi which purpose 
these values of n arc amply accurals enough, as when a : 1 the percentage 
change in for a 1 per cent change m a is only about one-third of what it is 
for cold water , more over, kf, being so much greater for hot water, the tempera- 
ture differences causing the heat flow are so much less that the same accuracy 

in ^0 IS not needed The values of — — !■ ^ wc rc deduced from the values of 

2cj ciO 

(I by the hmte diffcuncc formula 


U - A - - 

Table* 1) 


0 

10 

20 

26 

30 


12 40 
10 4S 
8 94 
7 73 
*1 76 
6 90 
5 30 




- 1000 do 
' Zo " d8 


IS 0 
IS 6 

!'• I. 

H 9, 
H 0 
12 0 . 
11 2 , 


(2 45 4- .t) ® 

12 0 
11 0 
9 6 
8 0 
7 0 
6 0 
6 3 


40 

60 

60 

70 

80 

90 


29 

56 

99 

56 

22 

95 


0 


9 

6 

2 


100 

110 

120 


1 74 5 7 
1 06 6 2 
1 40 I 48 
1 27 4 3 
1 17 3 0 
1 09 I 3 4j 

1 02 1 Oj 


0 6 
0 5 
0 4 
0 3 
0 2 


It Inust be remembered that ka and the correspondmg are at the same 
tube temperature and that therefore is at a water temperature of H/Aih 
belojv the water temjierature of the corresponding k^ 

A* the highei velocities or higher water temperatures the above calculated 
differences between k-^ and agreed excellently with the experimental results 
but deviated markedly at the lowei temperatures and velocities 

‘2 O 


VOIi CXXVII —A 
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However, on comparing the actual (^h — ^o) ® values calculated 

for them by (14), it was found that the ratios between them (for various water 
temperatures and velocities) when plotted against r all lay on the same curve 
for results on the same tube This ratio was taken as an empirical multiplying 
factor Denoting it bv My, (14) may be written in the revised form. 


H 


(16) 


Table 11, above, in addition to giving values of — ^ foi water also givts 

2u a 6 

the same quantity multipUed by(^— ■■ j , while hg 2 shows the multiplying 

factors arrived at for the foui tubes of nominal outside diameters of ^ inch 
i inch, 1 inch and IJ inches respectively In all cases the multiplying factors 
decrease to their theoretical value for unity for values of t ihove bO to 70 
thousand 

For cold water at low velocities — /,a becomes relatively large , but if 
Ih is compared with A(, for the tame water tetnperatun (kp say) the difference 
kii — kp (whi( h IS then positive ) remains of nearly the same magnitude 

The above theorv of the difference between the A;h’ 8 and the kp's should be 

applie able to all fluids when once the function i has been dete i mined for 

that fluid An exception must be made m the case of gases wheie the change 
of density i onsequent upon a change of temperature la so gieat that entirely 
fresh convection currents may be set up by this cause alone This means that 

the above theory fails because it docs not take into consideration the ^ 

p do 

term in (4) 

15 The varialion of k at the comniencetnent of heatiny 
A crude investigation, perhaps better than nothing, may be made as follows 
into this difficult problem Treating y and f/d as negligible, and identifying 
P and <l>, as an approximation, we will represent the temperature, 0, at a 
distance r from the axis by 


^ ^ - V'(l - «« (lb) 

a — P + 

where 0* is the temperature of the tube wall, and the temperature at the axis 
has been taken as zero This intentionally makes the temperature gradient 
infimte at the wall to agree with the gmdient through the him, which must be 
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infinite if its thickness is negligible It also makes the tem|)eratnie drop across 
the film and core m the loirect latio (i<j (x — fi) Now it is easily found 
that tlie above km[Mraturc distriluitioii necessitates an amount of heat of at 
least equal to 


jier unit hngtli being put into th< watei befoi< such distiibiitioii is possible 
Hut the heat put in per unit length per unit tune is iiroH whicli is nppioximatelv 
Substituting p(s/ (« [1 4 [ia) for we get a (x - fJ) 'bZi’ as the 

Itiiu required to impait this heat But iii tins tunc tin liquid flows a distance 
of (a — ['i)/12Z diameters down the tube AsZ~*- 8N where N is thi number 
of diameters in wluch the loss of head is <(|ual to the vclocit). head, this is 
^ (a — [i)N , or, loughl), sinu (a — (1) is of the order of 0 7 to 1) 9, say, JN 
diameteis It is faul) evident that the value of will ri ach its limiting value, 
roughly, exporii ntiallv, ami that in two oi tiir» e times this (bstaiice the initial 
effect will have becoim insinsiblc 

As, for ordinaiv vi locitics, N varu s betwee n about 25 j(l this i ah illation is 
111 no way ineonsisti nt w ith the c \[m rum iit w hu h gave values of L at the hrst 
thcrmocoupl* of anything up to about 5 p< i dut gicakr (whin lompaied 
for the same water tempi ratlin ) than thosi given liy tlic sciond icniple, wliih 
one testmadi with the first the rmoeouple onlv 1 iiii Insfroipthc commt ni i nii lit 
of heating gavi calms of /. about bO pii mit greiter 

If, insk'ad of gcnei vting heat at a constant lak along tin tube, tin tube had 
been maintained (by a vanabh heat flow) at a co/wfo/d l< nijHiatuir above the 
water, which is more the condition m a steam condenser, the i fleet of Hus 
‘ entrance effei t ’ will lie to c^uso au ejcha heat flow into the wak r of the amount 
required to produci the ectmtibnum distiilmtion of kniperatiue over the 
cross section Thus wt se«> that the tulie will behave as if its length weri" some 
where about j (x — fi) N or JN diamekns longer than it ac tually is 

The above invc stigation may be c xk nded to dckimine roughly the diffi leiice 
in the value of A obtained by taking tin watci temperature as its axial value 
and the temperature given by allowing the watei at any section to flow’ into 
a vessel and to liecome thoroughly mixed 

We wall take the velocity « at a distance r from the axis to be given bv 


H + (1 - P) v/(l — r*/a-)], ( 17) 


where Mq is the a\ial velocity This makes the velocity at the boiimhuy with 
the him a fraction [i of the axial velocity, and agrees apjiroxiuiately with 
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Stanton and Pannell’a determination of the velocity distribution h’rom (16) 
and (17) wo easily find the “ mixing temperature ” over the cross section to be 

l+± — e 

4 + 2(1 a — p + (Iff *” 

so that till? tempeinture difference between tiilie and wat<‘r, instead of being 
6^, is loss b\ the above amount Hi mo taking the water at its axial tempera- 
ture would give smaller k’a m the ratio 

il 1 + 1 , 

I 4 + 2(4 a— fl + pol 

If, say, roughly, a — 1 ^ and (4 = 0 4 this gives a ratio of 6 (- At 7 ( hr 
(approximately) making a difference of about 10 per cent with wati-r at 80° F 
It must not be assumed that with cold water when <t is large this ratio is noarlv 
unity for the thickness of the viscous flow him has been assumed negligible, 
and that it is only so at high velocities with cold wvtcr It is shown in 
Appendix A that for purely viscous flow the ratio of the k’n given by these 
two ways of taking the water temperature is 1 1 18 

Thi authors desire to thank the authorities of the Manchester (’ollege of 
Technology, m tin Engmeermg Department of w'hich this research was cairn d 
out , the) also owe a debt of gratitude to Dr O Stomy under whose kindly 
help and supervision the work was commenced 

Sumtmry 

The present paper records the determination of the coefficient of heat tiansfci , 
k, from brass tubes to water flowmg through them, the tubes being directly 
heated by large alternating currents No definite coefficient of heat transfer 
IS obtainable till the temperature distribution over the cross section has 
attained its bmitmg form The coefficient of course vanes with wliat the 
water temperature at any cross section is considered to be In these experi- 
ments this temperature is taken as the mixing temperatuie of the water flowmg 
past the section 

It IS shown that the hnutmg coefficient is, apart from a simple factor, a 
function of Reynolds’ number x = ptxi/|i and or = ps/c (le, viscosity \ 
specihc heat — thermal conductivity) only The results for very small rates 
of heat flow can be expressed m the form 

prs/io = A + B fo - 1) - C (<j - 1)*, 
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where A, B and C are functions of t onlj tn Table i on p 55G This 

holds for all values of rj up to about 16, and for values of t from about 6000- 
which is only times the lower critical velocity and is the lowest at which the 
flow IS stable enough to obtain readings - to inhnity 

A theory, agreemg with experiments, is given showing thi difftrenie between 
/o and l|j. thp coeffifient at a heat flow rate II, when t is large and also a 
simple empiiical rule for the differi ni e when r is not so laige 

An approximate estimate of the distam e b< fore i settles down to its limiting 
value IS also given whiih is not mconsisti iit with tin e\p< iimc nts 


Aeei-Mux A 

Calculation of k(,foi Vacoits Flow 

This problem, though it has been solved Ixfoie,* contains points to which wo 
wish to draw attention 

When the temperature distribution over the iross siitioii has readied its 
limiting form we must havi 

0 = |-/•(r) 


where </ is the gradient along the direction of i, the axis of the tube The 
velocity II at any jKiiiit is known to be given by 


« = (1 - C’a^) 

where v is the mean velocity 

The excess of heat flowing radially into a thin lylinder of unit length ind of 
radii r and r j- dr per iimt time over that flowing out is oleirlj 


3 f , 30 1 


d, 


As the temperature remains steady this is eipial to the heat removed bv the 
flow which IS 

(Im dr) psit 


per umt time 


30 


Writing q foi ^ and substituting for m, we get on equating 


(r - r«/rt2) 

The solution of this, oalhng the axial temperature zero is 

•— ) 

16aV 


0 V4 


♦ See, e g , Nusselt’s paper cited below 



564 


A. Eagle and K M Ferguson 

This gives "ipvsffa^jSr as the temperature at the tube wall and pV8gal2c as the 
t-emperature gradient at the tulie wall As the heat flow per umt area is c 
times the latter quantity we get 

jia 

on taking thi a\ial tnnperntiire of zero as the water temperature 
Had we taken tlie statu m< in temper iturt o\er the eross section vi7 , 

;^|"27r0, 

as till temperatiiK of tin w.at( i w« should hn\» obtained 

l„ h 'a 

while if w( take till' k nil matu mi an or mixing ti mpei itiire ' given bj 

-L {"‘IniiUxh - 
ru-e J IH , 

we get 

/„~2I</I1« ' 2 182< (I* 

It IS interesting to ( xpiess this 1 ist ii suit in tin foim pus i ()unl to some 
thing with Z“' ns ti factor We lum 

pu-Z -= K - lA ( ^ . 

giving Z — l(ji piYi But we have fouiul 

prs/A„- llnpt'-i/21e 
whente, elimiintmgu we get 

- n<T/fiZ, 

so that (10) will hold m this casi also if we take y = 0 and a — fi — 11/6 
This known value of x and fi for viscous flow was a useful guide m drawing 
their graphs 

ArFFNDlK B 

Calculaium of (in - ^o) Vmcous Flow 
This calculation, though quite elementary, is long and tedious so tliat only 
the step by step results are given here W'ewill assume that dp/d6 and dajdb 
* It should be stated that this result does not agree with the value given by Nusselt in 
‘Z Ver Deut Ing vol M, p 1166 (1910), where as the result of a more elaborate analysis, 
during which he also obtains the initial increase in tg before it settles down to its limiting 
value he gives k — 2 576c/o (probably meant for 18c/7a) There seems, however, no 
doubt about the correctness of the present result 
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aro nofjhgiblp and will denoti* ([[tjdii anil rfr/rfO by \f and r' Wo will Huppose 
that the tempt rituio at the axis is taken as zero and that p, and i lefti to this 
temperature We will fuither Bupposi that the velocity is ailjiisted so that the 
wall friction is (xucilif the same as wlun p and c are constant ind tliat 0 is 
the wall tempt i atm (> in this latter coat 

With p and t vanabh wt hnd that tin will tt mpi ratine becomes 

while the teinpcraturt gradn nt at the tube wall and the heat flow per unit area 


1 

In p 


I + X JiL 0 

1b p 


times then previous \alues lespectivelv We also Inid tin total flow of liquid 
througli tlie tula is 


turns its previous value , the total heat cirrietl iwaj by tin h(|Uid is 
29 c'> 


(il X + 

V12() p ^ 10') t / 


times its former value , ami the kinematu < 
liquid is 

1 _ fl X ^ 1 

\21 p ^ ID’S 


“ mixing temperature ol the 

7)« 


times its former value , thus making the differenre of timperatnie bitwei 
tube and water 


1 d I 




\198 p 

times its former value Dividing the ratio r 
increased by this, wo see that 


which the heat flow has been 


the new ha with for the same axi* 
li Aq for the same tube temperatur 
) we get 


But this 18 comparing the new ha with k^ for the same ajeial water temperature , 
if it is compared with kg for the same tube temperature (which is greater in 
the ratio (c + c'6) c) we get 
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Remembenng that by Appeudix A, Aq — H — 118/18 we get 


i'^~l -/Jilt! - 


kn~K-= (0 347 |i7(i - 0 585 c'lc) H 

If be compared with /„ at the same kinematic water temperature it will be 
found that 


,(?wii;_i!£:\ii^io 147 15^- 

\()()5 .1 W)5e/ \ 11 


Since we have assumed smh a mean vdocity that the wall faction, and 
therefore the loss of head is the same as before , and for viscous flow the loss 
of head is proportional to the velocity, and as we have seen the total flow is 
increased in the ratio 




1 , 


it follows that for the sawie total flow the loss of head would be increased in 
the ratio 


IH |i 


But, as the loss of head is proportional to the viscosity, this is the same as if 
there were no heat flow (so that the temperature was constant throughout) 
and the temperature of the liquid was 136/18 As 78/18 is the kinematic 
temperature of the hquid, and 118/18 is the difference between this and the 
tube wall temperature, = A0, say, it follows that the loss of head is the same 
as if there was no heat flow q|id the temperature of the liquid was 6 AO t 11 , 
that is, as if the actual kinematic water temperature was increased by G/Jl 
of the difference between this temperature and the tube temperature and no 
heat transfer was taking place 
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Vertical Electric Carrenti below Thurulerttorm and Shonei'i 

By T W WoRMELi , Ph D , the Solar Phymcs Observatory, Cambiidgc 
(Communicated bv (' T R Wilson, F U S - Received Fduunrv I, 19^0) 
[PiATBS in 17] 

1 liiltoducfioii 

In a previous paper* an at i omit has been given of apparatus which was 
found to be suitable foi studying the dischargt of electncitv from a laised 
metal point in the strong electric helds which occur at the surface of the ground 
during thunderstorms and showers The two methods of observation which 
were employed consisted, hrst, in measurmg the quantity of electricity of 
each sign which was discharged from the jiomt in a dehnite period of time, 
usually the duration of a storm , and secondly, in obtaming a continuous 
rei ord of the current from the point throughout a storm Observations on a 
number of thundeistorms and showers over a period of several months, by 
the hrst method, showed that there was a con8id(>rable preponderance of 
upward discharges of positive dectncity, indicating that nigative gradients 
of potential predominated at the surface of the ground in such disturbed 
weather conditions Some examples of records obtained by the second method 
were also giyen 

In the present paper, results obtained by the hrst method over a period of 
two years are discussed, the observations including aU occasions, during that 
time, on which intense electric fields existed at the observing station for a 
sufficiently long time to cause a measurable quantity of electricity to be dis- 
charged from the pomt (The smallest quantity which would be detected by 
the integratmg device is about 0 1 milh-coulomb ) The preponderance of 
negative potential gradients durmg periods of mtense electric held has been 
(onfirmed over the longer period of time Records obtained by the second 
method are also described, and their beanng on the question of the polarity of 
the clouds is discussed For this purpose, the method of observation is simply 
a convement way of obtaining an unambiguous ( ontinuous record of the sign 
of the potential gradient, and a rough estimate of its magmtude throughout 
periods of heavy rain Finally, the problem of the total interchange of 

* ‘ Roy Soc Proo A. voL 1 18, p 443 (1927) 
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flpctnnty between the earth and the atmosphere from known causes is 
re discussed, utilising the results already given 

Throughout this paper the usual convention is adopted of describing the 
vertical potential gradient at the surface of the ground as positive, when the 
electric field is directed downwards, and the ihargo on the ground in the 
immediate vicimty is m gative A bipolar i loud is said to be of positive polarity 
if the mean height of the positive charge exceeds the mean height of the negative 
charge 

2 Apparatus 

A full description of the apparatus which was employed in these observations 
was given in the paper to which reference has already been made It will 
suffice, here, to say that the integration of the current was performid by a 
specially designed gas microvoltameter, which gave the quantities of electricity 
wliioli had passed through the instrument in each direction with an accuracy 
of about ±05 milli-coiilomb The current itself could also lie observer! by 
allowing it to charge up a condenser until the potential difference was sufficient 
to cause a spark to pass across a small gap, the process of the charging and 
sudden discharge of the condenser being recorded photographically by means 
of the movement of the meniscus of a special type of capillary electrometer 
Thus each vertical step on the records of Plate 16 indicates a discharge of the 
condenser, and the passage to earth of 8 5 micro-coulomhs of electnc charge 
The records of the current from the discharging point were supplemented 
when possible by observations of the electric held The methods used for tlus 
purpose were those developed by Prof C T R Wilson* for measuring the 
electnc fields at the surface of the ground due to thunderclouds, and consisted 
in measuring, by means of the same electrometer as was used for the observa- 
tions of current, the charge on a raised metal sphere, or other conductor, 
which was mamtamed at zero potential Thus, when the field was not large 
enough to cause an appreciable discharge current, and when no ram was 
falling, a record of the field itself could be obtained on the plate 

3 The Magmtude of the Currents from the Dischargtng Point 
{a) Re'eult'i of Observations mth the integralinq Apparatus — -It will be con- 
venient to discuss first the results obtamed with the discharging point and 
voltameter This instrument is examined daily, and usually in fine weather 
no gas collects In showery or thundery weather, the volume of gas produced 
* ‘ Roy Sop Proo ,’ A, vol 92, p 6M (1916) , ‘ Phil Trans A vol 221, p 74 (1920) 
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at each electroilef h measured after each shower or storm whenever the other 
observations in hand permit but if the showers are at short intervals, it is 
often impossible to read the instrument until the other observations are 
completed for the daj On a few ore asions, owing to abseni i from Cambridge, 
the reading imludes pffeits prodiiied on several days On sticli occasions 
the values deduced arc only approximate, owing to the slow solution of 
the gas 

In ld2b tlu voltameter was attached to the discharging point only when no 
other observations were being made, and the table of results previously 
published (loc rif ) is therefore somewhat incomplete At the beginning of 
1927 a new discharging pole was erected at a considerable distance from the 
hut The discharging point is similar to the old one but the new pole is taller, 
being 12 1 metres high The exposun howevi r is not so good as at the hut, 
the new pole being m the lentre of a field fringed bv fairly high trees (The 
luanst tree is about 70 metres fiom the pole ) Thi voltameter is permanently 
(onneited between this discharging system and earth in order to obtain a 
(omphte record of the quantities of electricity discharged from the pole m 
periods of intense idectric helds The results obtained are not strictly com- 
parable with the results previously pubhshed owing to the different dimensions 
of the new pole The results of observations with this apparatus from January, 
1927, to Decembir 11, 1928, are tabulated below All the quantities are in 
miUi-couImnbs The column hi aded gives the quantity of positive electricity 
discharged from the point, is the quantity of negative electricity discharged, 
.111(1 the next column gives the net upward discharge from the point Notes 
conceniiiig thi wiather conditions an frequently given The accuracy of 
each individii il ( ntry is about i 9 9 milli-coulomb 
Table 1 



t From the Bopaiate measurements of the volume of gas liberated from each electrode 
it 18 possible to deduce the quantity of electricity of each sign which has been dischar^ 
from the pomt 
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Tiil>l(' r -(lontinm'd) 


Milll noulomhti 


I Thiw <tavfi of d< iwo foj; • 

I ]•<>(( • 

I Sovoral hours of rain 
Slight ram 

' Heavy showorfollowori by hours of stduly ram 

Several hours of heavy lain 
' Hn< f Hhoaer 

' Shower 

Very heavy ahowi r 
Brief but heavy showers 

Se vt rat days of fine weather • 

Biief shower 
Shower 

I Heavy showere 
I Heavy showi rs with hnil 
I Shower 
I Heavy ehowera 

I Heavy showers \ few lightning disediarges 
took place, the nearest ones being approxi 
mutely 0 kms from the observatory 
I Several showers of whidi only the fvltetnr 
edges passed overhear! 

I Further showers 


I Showers 
I Shght shower 

I Shower cloud dt VC loping not epute overhead 
Shower 
Showers 


Showers euid prolonged heavy rainfall 
Shower with sleet 


Mav 


16 { U 3 

! 1 8 

21 I 0 4 

I 4 6 

23 : 2 6 

31 1 0 8 


Shght showers 
Heavy shower 
SUght shower 
Showers 

Showeis Ihesc did appear to pass overhead 
Ram. 




id 

21 


2 5 
1 8 
7 n 
0 S 


1 4 Showers during the mght 

0 Steady ram for an hour 

6 5 Heavy showers 

0 1 
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Tablf T (continued) 

Milli ouulumbs 





I 



Uttobcr 8 I U O'* 

10 I 0 2 0 2 

24 } 7 05 

28 0 0 2 

U I 0 « 0 

No\ ember 7 1 14 0 1 

8 2 1 0 « 

12 3 0 4 0 

28 1 20 10 

20 I 13 0 0 

iXetmlxr 12 ' 0 0 7 

10 I 0 02 

11) () 3 0 

26 88 26 8 


1028 I i 

Jaiiuttry 6 2 8 1 0 8 

13 I 0 14 

10 I 04 08 

21 0 8 1 06 

24 10 10 

31 0 6 1 13 



(-12 rn>leun«<i rainfall 

— 0 2 llaiiifall for 24 houru 

1-0 6 Heavy ram 

1 3 

1 2 Aahowtr 

— 1 0 Showers 

+ 06 Dniilc and ram 

13 0 Heavy rain for sevi ml lioum 

— 0 7 Overcast sky lUtlo rain 

— 0 2 Sbght faU of snow 

— 3 0 Slight fall of snow 

— 17 0 Heavy drifting snow which lay till January 1 

The voltameter was read on January 3 after 
a day of rain 

4 2 0 Showers 

— 1 4 Kaiiu 

— 0 4 Prolouged ram 

+ 03 hog followed by dri/idc 

0 

— 0 7 Kain and sleet 
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Vory hcmvy hIiowi r 
Rain and drizilv 
Shoaors with hail 

Vory heavy hail ahnnern \ f(w hglilmng 
du(hnrgni« ofouiretl 




Vvdul lioui'N of liiavy lam during the mghl 
Miowent 

hhowei-iloud paHmng and developing hruigu 
of cloud overheod One pi al of audible 
thunder 
heveral showers 
Heavy shower 
Shght showers 

Heavy shower with sleet followed li\ si vi nil 
houm of nun 

Overcast with oKasioniil slight ram 

A sharp thunderstorm about 1 1) u in H lashes 

were ocoumng at about 4 pir minute and 
manv were atnking the ground A tieo was 
struck 100 metres from the diseharging pok 
Rainfall extremely heavy 
boveral hours of heavy ram followeil by 
showers 
Slight raui 

Several showers One pial of thunder audible 
Several showers 

Thunderstorm uf umdorate mtensil> juissid 
slowly right overhead Several flashes wore 
withto 1 km 


Heavy ram 

Moderate thunderstorm passed rapidly over 
head 

Very heavy showers 

Showers One hghtmng disohaige about 10 
kms away 

Slight showers 

Heavy shower which developed into a thunder 
storm after passing over 

Moderate showers 

Hours of steady ram 
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Table 1 — (continued) 


I Milli coulombn 

J )aU I 




<h 1 

7t 1 ?i - 7, j 


1U28 



’ 1 


fuly 

27 1 

( 2 

12 ' + 2 (1 1 

Miowt m of thuiulc ly tyjx' Distant thunder 


id 

0 7 , 

01 00 1 

H< avy rail! 

August 


23 2 t 

10 1 j oil 


heptembei 

IS 

1 (1 

1 U 1 2 0 



28 

0 8 

0 j 0 8 

hhorl shourr 

Ottohtr 


1 4 

2 9 1 - 1 5 

Showers of moderuU luknsitv 


)l 

f) 5 ' 

3 6 1 t- J 9 

Showera 


HI 

1 1) , 

0 1 9 

1 Showers and continuous ram 


23 

7 2 ' 

12' 60 



24 

0 7 ' 

O' 0 7 

1 Heavy showc r 


2(i 

0 5 ' 

0 7 - 0 2 

Shoatr* 

NovemlH>i 

12 

0 

1 1 ' - 1 3 

('ontiniiouH rain foi sc v< rut lioiirs 


24 

1 1 

0 '+13 

Heavy ram and showers 


26 

4 0 

2 1 2 5 

Heavy showers and squalls 

ilecumber 

lU 

2 U 1 

2 2, 04 



21 

2 9 

o' 2 9 

Moderate rainfall 


21 

22 5 

0 5' 22 0 

Much heavy ram and some snow 



" 1 

0 2 1 - 0 3 

Showc rs 


Over the whole period there is a dehnite excess of upward discharges of 
positive electricity from the point, the total expressed in cmilombi) being as 
follows* — 


1027 1928 Total 


Pogitive or upward ducharges 0 28* 0 23, 0 52, 

Negative dliohaigea 0 14, 0 11, 0 25, 

Net upward tranifer of oleotnoity from the 

Bingle point 0 14^ 0 122 ^ 


In order to demonstrate the consistency with which this excess of upward 
discharges occurs, the totals for periods of three months have been drawn up 
m the table below, the quantities here bemg expressed m mtUi-coulonibs 


• In 1929, the reeulte were agam of about the same magnitude, tho net discharge of 
positive oleotnoity bemg 0 11 ooolomb 
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j ?1 1 

9< 

{7i - ?•) 

r 123 

34 

80 

76 

40 

36 

60 

30 

20 

36 

as 


r 49 

37 

33 

04 

01 

43 

40 

23 

17 

53 

15 

38 


The one exception to the uniform positive sign of tlie quantities in the last 
column 18 due mamly to the large excess of downward current (mdicatmg a 
predominance of positive potential gradients) which accompamed the excep 
tionally heavy snowstorm of December 25 26, 1927, when heavy snow drifti- 
formed near the discharging pole f 

A few of the entries m Table I call for special mention There is normally 
no detectable discharge current from the point in fine weather, but on a few 
occasions neat the maximum m the annual variation of the fine weather electric 
held a small downward discharge current could be detected, of the order of 
10“* ampere, when the sky was free from cloud It would appear that 
occasionally this current may become big enough to give bubbles in the volta- 
meter which are suftciently large to be measured Thus the entries of January 
26 and March 18, 1927, were apparently due to fane-weather current Agam, 
during fogs, appreciable downward currents were sometimes recorded, e g , 
February 14 and 16, 1927 The occurrence of fairly large positive gradients 
of potential in fogs is a well-established phenomenon 

If we exclude the few cases which come under these two heads, marked with 
an asterisk m Table I, all the rcmaming entries are effects of the potential 
gradients associated with precipitation Of the 147 entries in the table when 
the effects were associated with precipitation, 103 show an excess of upward 
current, 34 an excess of downward current, and m 10 the net discharge 
was zero 

If we now classify these readmgs according to the magmtude of the quantity 
discharged up or down, whichever happened to be greater, we obtam the 

t Pnn luuti obHoi veva have ivtuarked on the asaooiation of lugh potutive gradients of 
potential with the ooiurrenoe of drifting snow See, for example, %mpaon, ‘'British 
Antarctic Expedition, 1910-13,” ‘ Meteorology,’ vol 1, p 309 
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{ollowing table stowing the number of occasions on which the net effect was 


an upward or downward discharge^^^^jjirent 


Qieatost quantity 
duoharged in one 
direction, In 
mMt coulombs 

Number of oooasiong of 

Exoeas of 
upward 
ourrent 

Exoeas of 
downward 
current 

Net effect cero 

> 20 

4 

1 

0 

10-20 

8 

0 

0 

ii-lO 

16 

1 

1 

3-6 

18 

7 

2 

1-3 

32 

14 

3 

< 1 

26 

11 

4 


This table may bo summed up in the statement that, when the quantity 
discharged in either direction was greater than 6 miUi-ooulombs, there were 
27 occasions of a net upward discharge and only 2 of a net downward discharge 
(one of these being in exceptional weather conditions) , when the discharge 
in each direction was less than 5 milli-coulombs there were 76 occasions of a net 
upward discharge and 32 with a net downward discharge 
It must be borne m mind that the duration of the electric fields which 
caused the discharge of these various quantities from the point was very 
different on different occasions The results indicate, however, that the pre- 
dommance of upward currents and of negative gradients of potential is much 
more marked when fields are very intense (frequently of the order of 10,0()0 
volts per metro), than dunng rainfall m which the maximum fields are only 
of moderate intensity (of the order, perhaps, of 1000 volts per rfetre) In 
cases of the latter type, although occasions of preponderatmg positive potential 
gradients are relatively more frequent than m the cases where very intense 
fields occur, yet, even in such cases they are less frequent than occasions of 
preponderating negative potential gradients 

This generalisation would appear to be true both of isolated shower clouds, 
and of occasions of persistent rainfall 
(6) The Vanatton of the Current and Electric Field as a Single Shotver passes 
overhead — In Plate 16, a, and fig 1 are reproduced a senes of enlargements from 
the ongmal records, and a curve dedjaced from them, showing the variations 
in current and field obtained dunng a very heavy shower on March 27, 1927 
The cloud was a typical oumulo-mmbus cloud with ‘ anVil ” top On this 
occasion there were no other clouds m the vicinity throughout the period of 

2 p 
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the observations There were, however, some distant shower-clouds in some 
of which lightning discharges were occumng The record shows the variation 



In all the figures the curve is drawn as a eontmuous !mc where it is deduced from a photO 
graphic record, and as a broken hue where it is plotted from visual observations 
of current and held as the cloud travelled overhead The first portion of the 
record is of the potential gradient, while the cloud was approaching from a 
distance The sphere* was raised at 15 h 10 m , the potential gradient was 
then positive and had a value of about -f 200 volts per metre The value of 
the positive potential gradient soon began to increase steadily as the cloud 
drew nearer, if the effects of some distant hghtnmg discliarges are neglected, 
and at 15 h 16 m , when the sphere was lowered for a few seconds, had reached 
a value of -j- 600 volts per metre At 16 h 20 m , when the sphere was lowered 
and shielded, a downwa]:d discharge current had commenced and it gradually 
increased m magnitude until 15 h 28 m , indicating that the positive potential 
gradient was still increasing Visual observations showed that the potential 
gradient remained positive until about 16 h 33 m , when it reversed lu sign, 
and very soon there was a large upward discharge current Heavy rain began 
to fall at the observing station at about the same time that the reversal of the 
field occurred The record shows that this upward current, and consequently 
a negative potential gradient, persisted until 15 h. 66 m , heavy ram falhng 
throughout this period The centre of the shower was overhead at about 
16 h 45 m From 15 h 65 m onwards a slowly decreasmg downward discharge 
current, indicating a positive potential gradient, was observed After the end 
of the photographic record, visual observations showed that as the cloud 
receded into the distance the positive potential gradient gradually decreased 
* C T R Wilson, toe ext 
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until it approached the fine weather value Values of + 600, + 400 and -f- 200 
volts per metre were observed at 16 h 13 m , 16 h 15 ra , and 16 h 24 m , 
respectively By this time the cloud had receded to some considerable distance, 
and overhead the sky was quite free from cloud 

During the period of heavy rainfall the test plate was exposed for a few 
seconds atl6h 45m,15h 48 m, and 16 li 62 m It must be pointed out, 
however, that the test plate* is quite close to the dischargmg pole — { 1 metres 
from the base of the polo) — and that consequently the field measured at the 
test plate may bo dimimshed by the space charge discharged from the pomt, 
and also that the (barge on the ram may be affected by falling through part 
of this space charge Thus, neither the observed value of the field, nor the 
observed sign of the charge on the rain, tan be taken as fair samples of the 
effects which would be observed over open ground Definite evidence has 
since been obtained that the dischargmg point does exercise an appreciable 
shielding effect on the test plate m intense fields The record shows, however, 
that, on this occasion, the electric field at the surface of the test plate was 
about 8000 volts per metre at 15 h 45 m and about — 4000 volts per metre 
at 15 h 48 m and 15 h 52 m The charge on the rain when it reached the 
test plate was positive at 15 h 46 m , negative at 15 h 52 m , and could not 
be detected by this rough observation at 15 h 48 m 
Plate 16, B, and fig 2 show the variations m discharge current and electric 
held as a showei cloud passed overhead on March 26, 1027 Before the shower- 



cloud approached, the sky was clear overhead and there were no other clouds 
in the neighbourhood The first observation, os the cloud was approaching, 
showed at 12 h 50 m when the sphere was raised for a few seconds, a positive 
* C T R Wilson toe ett 
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potential gradient of 550 volts per metre, winch was increasing A minute 
later, the downward discharge current had become appreciable and just one 
spark passed The front edge of the cloud was now just about overhead and 
shght ram was beginning to fall The positive potential gradient now 
decreased again, and reversed, and just before 12 h 53 m sparks began to 
pass, due to an upward discharge current Just as this upward current started 
the ram became very heavy and some had fell The upward current reached 
a maximum value of 2 8 nucroampercs and just after 12 h 66 m its sign 
reversed again, remaimng downwards for about 2 minutes The current then 
became upwards again, this reversal again being associated with an increase 
in the intensity of rainfall after a temporary lull In this penod the upward 
current reached a maximum value of 6 0 microamperes At 13 h 2 6m the 
current became downward and remained so until it gradually became in 
appreciable at about 13 h 22 m The rear edge of the shower was overhead 
at about 13 h 10 m and another shower-cloud was now passing fairly near, 
but to one side of the observing station This second cloud was never 
sufficiently close to cause ram at the discharging pole The long persistent 
downward current and positive gradient of potential at the end of this record 
are almost certainly due, partly to the effect of this second cloud passing on 
one side, and partly to the receding shower which has passed over At 
13 h 26 m the potential gradient had diminished to 200 volts per metre, 
measured with the sphere , this is still somewhat greater than the fine weather 
field The sky overhead was now free from cloud 
Plate 17 and fig 3 represent the results of records obtained on March 30, 
1927 On this occasion several shower-clouds passed near the apparatus but 



m no case did the centre of the cloud pass overhead As the first cloud was 
approaching, the potential gradient was observed to increase from -(- 60 volts 
per metre to about + 100 volts per metre The photographic record then 
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commences At 11 h 46 6 m the potential gradient had decreased to + 37 
volts per metre, the sphere being raised for a few seconds It was then raimng 
slightly The rainfall mcreaseil and became heavy for a few seconds but 
there was no appretiable discharge current At 11 li 50 m the sphere was 
raised agam for a few seconds, the potential gradunt being — 130 volts per 
metre The rain novi stopped and at J 1 h 52 m the sphere was raised and 
left in position The potential gradient was now — 600 volts per metre and 
soon after this there was a small upward discharge current The subsequent 
variations in the field are shown in the curve of fig 3 The active portion of 
tho cloud was never ver> near and, as the positivi potential gradient decreases 
from 12 h 5 m onwards, the cloud was d( hmtely receding Later, the 
positive gradient of potential increased again as the fringe of another shower- 
oloud passed overhead 

Fig 4 represents the variations m discharge current and electric field as a 
shower passed over on March 26, 1927 The cloud covered a fairly wide area 



Fro 4 —March 26, 1627 


and passed overhead, but the rainfall at tho observing station was never very 
heavy Regions of heavier rainfall appeared to pass on both sides and this 
rather suggests that these may have been two regions of electrical activity 
A positive gradient of potential was observed at the beguming and end although 
the field scarcely exceeded the fine-weather value m either case The positive 
potential gradient near the centre, at 16 h 36 m coincided with a temporary 
cessation of rainfall at the observing station In the most intense fields, which 
occurred when the ramfall was heaviest, the potential gradient was negative 
Fig 6 shows a record with a distribution of field of an unusual t 3 rpe As the 
shower-cloud approached, it had the appearance of a grey sheet of stratiform 
cloud and was therefore probably of rather small vertical thickness The 
electric field had been very small for some time and the approachmg cloud did 
not produce any appreciable effect until the front edge of the cloud was almost 
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overhead, when the potential gradient became negative and mcreased rapidly 
The subsequent vanations in field are shown by the curve The heaviest 



rainfall occurred during the period of negative potential gradient near the 
beginning The ram was slight during the penod of positive potential gradient 
in the middle of the record and ceased altogether about 15 h 37 m As the 
cloud receded, a slowly decreasing negative potential gradient was observoil 

4 Inlerpretattcni of the Records 

In endeavouring to interpret these results it must be noted that the intense 
eleotno fields which have been studied have been almost invariably associated 
with precipitation or with clouds of cumulus type, and consequently with 
vertical air convection currents Thus, whatever the mechamsm of the pro- 
duction of the electrical charges in such cases, the pnmary effect will consist 
m the vertical separation of equal and opposite charges The various processes 
of dissipation of the charges will be very different for the upper and lower charges, 
and consequently the two charges in the cloud may become very unequal, 
but a vertically bipolar cloud will tend to be produced One would expect that 
a shower-cloud or a thonder-oloud m which the hghtning discharges were 
infrequent, would after a time reach an approximately steady condition such 
that the rate of dissipation of each charge was equal to the rate of separation 
0 ‘’charges m the cloud This suggestion derives considerable support from 
the form of the “ recovery-curves ” of the eleotnc field after a hghtnmg-dis- 
ohai^, which are such a remarkable feature of the records of the electric 
fields of thunderstorms obtained by Wilson (foe cU ) If one exammes the 
record of the field due to a fairly distant and approximately stationary thunder- 
cloud m which the discharges are not very frequent, it will be observed that 
immediately after a discharge, the field vanes rapidly, the magmtude of the 
rate of variation per second bemg frequently about one-seventh of the sudden 
change m field produced by the discharge The rate of variation of the field 
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soon decreases, however, and the field frequently reaches a steady value which 
may remam constant for several minutes until another discharge occurs 
There is thus some justification for hoping that one may in some cases observe, 
as a shower cloud passes overhead, variations m field due mainly to the motion 
of the cloud as a whole, in an approximately steady condition, over the 
observing station There will m all cases be some uncertamty in decidmg 
what part of the vanation in the held at a given pomt with time, can bo ascribed 
to a motion of the cloud as a whole, and what part is due to variations of the 
electrical charges in the cloud It seems worth while, however, to compare 
the observations of the mode of variation with tune of the electric field at a 
single pomt on the groimd, with the effects which would be produced if a 
cloud with constant electrical charges passed overhead 

The observed preponderance of negative graihents of potential would seem 
to indicate at once, that, in the majority of clouds, either the negative charge is 
below the positive charge, or that the negative charge is much greater than the 
positive charge In order to decide between the two possible mterpretations, 
it 18 necessary to consider the actual distribution of fields which has been found 
to occur beneath shower-clouds The distribution of electric field at the 
ground, produced by a vertical bipolar cloud of the type considered, depends 
very greatly on the way in which the charges arc distnbuted through the 
volume of the cloud The case in which the two charges are so distributed 
that they can be treated as if each was concentrated at a point was first dis- 
cussed by Wilson (loc ext ) It is possible however, to obtain some information 
from observations of the field without making any assumptions as to the 
actual distribution of the charges 

The field due to a cloud at a distance, L, large compared with the dimen- 
sions of the cloud is given by the equation 

F .= 2 - WIU, 

where Qj and Q, are the magmtudes of the total positive and negative charges 
respectively in the cloud, and and h* *re the mean heights of these two 
charges Thus the sign of the potential gradient due to a distant cloud is the 
sign of the quantity 2 (Qi^i — which may be called the electric moment 
of the cloud 

In practice a difficulty may arise in that, at very great distances from the 
shower-cloud, the vertical field which it produces will be so small that it 
cannot be disentangled either from the normal positive potential gradient, 
which occurs in the absence of clouds, or from the effects of other clouds , on 
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the other hand, it is necessary to make the observations at a considerable 
distance from the shower-cloud in order to obtain dehmte evidence of the sign 
of the moment of the cloud In a number of cases, however, the effects of 
isolated shower-clouds can be traced to distances exceeding 10 kilometres 
When, in such cases, the potential gradient due to the distant cloud has the 
same sign, both when the cloud is approachmg and when the cloud is receding 
after passing over, and in each case dimimshes in intensity with increasmg 
distance, then one may deduce fairly defimtely the sign of the total electric 
moment of the cloud If moreover the predominating sign of the mtense 
potential gradient when the cloud is overhead, is the reverse of the smaller 
gradients observed while the cloud is distant both when approaching and when 
recedmg, the eindenco becomes still more conclusive, and strongly suggests 
that the sign, both of the electee moment of the cloud, and of its polarity, 
18 the same as the sign of the potential gradient due to the cloud when at a 
considerable distance from the observing station These points can best be 
elucidated further during a study of individual records from the point of view 
of this paragraph 

The shower recorded in hg 1 gave a positive potential gradient as it was 
approaching and agam as it was receding This shower was, moreover, 
observed until its distance was estimated to be at least 15 kilometres There 
were throughout the record no other clouds suihoiently close to cause any 
ambiguity in the sign of the field due to the cloud which was being studied 
One can thus say defimtely that this cloud had a positive electric moment 
while it was approaching and also while it was receding Thus in the notation 
previously employed, QiAi> QjA* Again, while the cloud was overhead, 
and throughout the period of heavy rainfall, the potential gradient was 
uniformly negative and was much greater than any positive gradients of 
potential which occurred dunng this record The conclusion would seem to 
be that this was a cloud of positive polarity, the negative charge bemg, on the 
whole, below the positive In the notation employed above, Aj > Aj 

The only possible way of escaping from this conclusion would be to postulate 
a very rapid change' in the charges in the cloud just as the front edge was 
passing over the obto^Tving station, and, agam, an opposite senes of changes, 
equally rapid, just as' the rear edge was passing over the station Even if it 
IS possible for such changes to occur with sufficient rapidity, it would be a 
remarkable coincidence that this double senes of changes had occurred just at 
the correct instants to cause the whole record to simulate so closely the effects 
which would be produced if a cloud of positive polanty, with approximately 
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oonatant charges, had passed overhead It is much more probable that we 
were mdeed actually observing the efEects of a cloud of positive polarity 
Moreover, there is no escape from the conclusion that the moment of the cloud 
was positive while the cloud was approaching, and while it was receding 

Unfortunately, the records obtained are rarely so simple as in the case just 
discussed In the record of fig 2, for example, a positive potential gradient 
was again observed as the cloud was approaching When the cloud had 
passed over, the observations were compbcated by the proximity of a second 
cloud, the two clouds together producing a positive gradient when in the 
distance A great preponderance of negative gradients of potential was 
observed beneath the central portion of the cloud, and the gradient was always 
negative m regions of heavy rainfall Again it would seem that w e are dealing 
with clouds of positive polarity 

Fig 3, again, was a record obtained wliile two i louds passed successively 
somewhat to one side of the observing station, the fields never liecommg very 
intense 

The edge of the first cloud passed overhead and some ram fell , just at this 
time the potential gradient was negative The second cloud also passed 
defimtely to one side, very little rain falhng from it at the place of observation 
The second cloud was nearest to the observing station st about 12 h 30 m 
The record suggests that the electnc moment of both clouds w as positive, t e , 
Qi^i > QgAj The small region of negative potential gradient just as the 
centre of the first cloud was nearest to the observing station suggests that this 
cloud, at least, was also of positive polarity The persistence of the positive 
potential gradients was, however, unusual The whole record is in accordance 
with the view that two clouds of positive polarity wen being observed, and 
that m each case the upper positive charge was greater than the lower charge 
It was noted at the time that the vertical thickness of these clouds appeared 
to be rather small The rate of dissipation of the upper charge might conse- 
quently have been less than usual 

Fig 4 was inserted as an example of the complicated records which are 
sometimes obtamed, and from which it is scarcely possible to draw any defimte 
conclusions with regard to the polarity of the cloud conoemed 

The record of fig 5 is an example which defimtely suggests a cloud of negative 
polarity, in that the mam phenomena observed were two regions of negative 
potential gradient with a region of positive potential gradient between them 
In this case, however, the most intense fields and the heaviest ramfall occurred 
in the region of negative potential gradient at the begmmng of the shower 
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The few records which have been discussed in detail have been selected 
xnore or less at random, or on account of the smtabihty of the plates for repro< 
duotioQ and of the occurrence of fairly defimte and unambiguous meteorological 
conditions , they are quite typical of the type of record which has frequently 
been obtained The records considered were mterpreted tentatively as 
follows The first two, represented m figs 1 and 2, were interpreted as mdioating 
the presence of clouds of positive polarity Fig 3 did not give very defimte 
evidence but suggested a cloud of positive polarity rather than the reverse 
Fig 4 could yield no definite conclusion as to polarity Finally fig 5 was 
interpreted as due to a cloud of negative polarity Similar records were 
obtained when the conditions were fairly definite and the effects could be 
ascnbed apparently to single shower-clouds on 22 occasions durmg 1927 
An attempt has been made to mterpret all these records on similar hues 


The results were as follows — 

Defimte indication of a cloud of positive polarity 6 occasions 

Defimte indication of a cloud of negative polarity 2 ,, 

Interpretation doubtful but positive polanty suggested . 4 „ 

Interpretation doubtful but negative polarity suggested 2 , 

No defimte evidence of polarity of either sign 8 „ 


In the majority of records included under the last head, the changes of sign 
of the current and electric field were very compheated, and frequently the sign 
of the field when the cloud was approachmg was the reverse of that observed 
when the cloud was recedmg 

Of these 22 records, in 14 cases the maximum upward current was greater 
than the maximum downward current, in 7 cases the reverse was true, in 1 case 
the maximum current in the two directions was equal Agam, if we select 
the occasions when the electnc fields were very intense by considenng only 
these records in which the current in one direction or the other exceeded 5 
microamperes at some time during the shower, we are left with only 6 records 
Of these 4 were interpreted as being defimtely due to a cloud of positive polanty, 
1 as being probably due to a cloud of positive polanty, and 1 yielded no defimte 
mdications of polanty 

To sum up, the observations have defimtely shown that shower-clouds 
have, frequently, positive electno moments Indeed, m the majonty of oases 
where definite observations could be made, the moment of the cloud was 
found to be positive This result and the previously established result of the 
great preponderance of negative fields below the clouds, which lias been shown 
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to be true both generally by observations with the voltameter, and also, m 
detail, for the particular clouds now being considered, have been interpreted 
«8 indicating that many of the clouds were of positive polarity This result 
18 in agreement with the interpretation which Appleton,* * * § Watson-Watt and 
Herd, and Hchonlandf have placed upon the observations by Wilson and by 
themselves, of the changes of electric field produced by hghtmng discharges 
The result, on the other hand, is not considered to be in agreement with the 
very dehmte distribution of electric charges in a typical cumulo-nimbus cloud, 
which SimpsonJ has suggested, to account for the observations on lightning 
discharges 

5 The Total Ejochange of Eleetricity betwefti the Earth and the Atmosphere 

It 8( ems desirable to attempt a redistussion of the problem of the interchange 
of electriciti bj known processes between the ground and the atmosphere, 
using the results of the observations which have been tabulated in this paper 
An endeavour will bo made to estimate as accurately as possible the sign and 
magnitude of the total effect, in the course of a year, of the mam processes 
which are known to transfer electrical charges from the atmosphere to the 
earth or in the reverse direction The four mam processes which will be 
considered are, fust, the lomsation current of fine weather , secondly, the 
convection of electrical charges by precipitation , thirdly, the charges trans- 
ferred by hghtmng discharges, and, fourthly, the currents earned by point- 
discharges m periods of disturbed weather conditions For definiteness, a 
circular area of 1 square kilometre, siirroundmg the observatory where the 
observations on point discharges were made, will be considered For the mean 
value of the fane-weather current, a downward current of 2 X 10~* amperes 
per square kilometre will be assumed If the duration of disturbed weather 
conditions is neglected, the total effect in the course of a year would be about 
60 coulombs per square kilometre 

No systematic senes of observations of the charge caused by ram has been 
made in Cambridge, but an estimate of the order of magmtude of the effect 
may be made from the results of numerous observers elsewhere The values 
of the mean charge per cubic centimetre of precipitation, found by vanous 
observers vary from + 0 If 6 e s u according to Simpson at 8imla,§ to + 0 029 

• ‘ Eoy Sue Proc A, vol lU, p 064 (1920) 

t ‘ Roy Roo Proo A, voL 114, p 229 (1927), and vol 118, p 237 (1928) 

t ‘ Boy Soc Proo ,’ A, vol 114, p 376 (1927) 

§ ‘ Phil Trans ,’ A, vol 209, p 370 (1909) 
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e 8 u according to Schindelhauer at Potsdam * Assuming an annual rainfall 
of 60 cm , Simpson’s value would mdicate the convection of + 34 9 coulombs, 
per square kilometre to the ground per year, that of Schindelhauer +57 
coulomb per square kilometre per year Simpson’s value is almost certainly 
too high for conditions in this country, the great majonty of his observations 
being made on thunderstorm rams We shall assume a value of + 20 coulombs 
per square kilometre per year It would thus appear probable that the two 
processes considered, transfer a positive charge of the order of 80 coulombs per 
square kilometre per annum to the ground 

The transfer of electricity between the atmosphere and the ground by the 
mechamsm of hghtmng discharges must next be considered It is necessary 
to obtam an estimate of the mean number of lightning dischaiges which 
actually reach the ground withm the given area per annum Discharges which 
do not reach the ground may cause a transfer of electricity to the ground, but 
the chief mechanism will be that of the point-discharge currents in the intense 
electnc field existing near the ground immediately after the disdiarge The 
electrical charges which reach the ground m this way will be included in the 
estimate of the total discharge current based on the quantities discharged from 
the artificial point and registered by the voltameter The records of the 
changes of electnc field accompanymg hghtmng discharges, which have been 
obtained by Wilson and others, make it possible to estimate what fraction of 
the total number of hghtmng discharges occurring over the area, reach the 
ground, and also the relative numbers of these discharges carrying positive 
and negative charges to the ground respectively Wigandf has discussed 
this problem but his method of treatment of the available data is unsatisfactory 
and it seems desirable to discuss the matter in some detail 
In discussing the effect of hghtmng discharges on the electric field, a sudden 
mcrease of a positive potential gradient or a decrease or a reversal of a negative 
potential gradient will be described as a positive field-change Wilson (loc 
cit ) records that at Cambridge for discharges within 5 km of the observing 
station, the numbers of positive and negative field-changes were in the ratio 
4 6 1 On the other hand, Appleton, Watson-Watt, and Herd (loc cU ) 
observed at Cambridge for discharges at a considerable distance, a ratio of the 
numbers of positive and negative field changes of 1 1 6j Let us suppose 
that out of every 100 hghtmng discharges oocumng at Cambndge, Nj bnng a 
negative charge to the ground, N, a positive charge to the ground , the Nj, 

* ‘ Abh K PreuM Met Inst ,’ No 2«3 (1013) 

t ‘ Phyg Z ,’ vol 28. p 2 (1927) 
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discharges will cause positive held-changes, and the Nj, negative field-changes, 
at all distances It is probable that the only other common type of discharge 
IS a flash which does not reach the ground but which effectively lowers the 
height of a positive charge in the atmosphere The effect of such a discharge 
on the field reverses beyond a certain distance Let Nj be the number of 
discharges which cause a pe^tive field change when near the observing station, 
a negative held change when distant 

If we negle-ct other t5rpe8 of discharge we have at once 

Ni Nj -f Na -= 100 

+ Ng = -t 6 N, 

Ng 4- Na = 1 6 Nj. 

whence Nj = 40 per cent , Ng = 18 per lent , Nj •= 42 per cent 

If we suppose there are also Ng discharges causing negative field changes 
among the near discharges, but positive changes among the distant ones, 
then — 

N, -t- Na -f Nj -f- Ng = 100 
Nj -h Na = 4 6 (Ng -t- N^) 

N,-1-N3 = 1 OfNi + N*) 

We deduce at once 


and again 


Nj -f N4 — 18 per cent , Nj 4* N4 — 40 per cent , 
Nj — Nj = 22 per cent 


It remains to consider the possibihty that a lightning discharge may completely 
discharge a cloud to the earth, the effect bemg recorded as a single net held 
change If the two charges in the cloud were very unequal, the effect would 
be the same as if a single charge, of the sign of the greater charge in the cloud, 
had been transferred to the earth, and discharges of this category will have 
been automatically mcluded m the correct class, or Nj according to the 
sign of the predominatmg charge If, however, the two charges m the cloud 
are not very different m magmtude a discharge of this type will produce an 
effect on the field, which reverses beyond a certain distance, and it becomes 
possible that some of the Nj (or N4) discharges were of this type, and therefore 
transferred a charge to the ground The data do not suffioe to determme the 
proportion of discharges of thus type Multiple changes of field are, however, 
observed so frequently in the records that one may expect that a discharge of 
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this type would be usually separated into different steps, each stage being assigned 
to its correct category Moreover, the effect of the discharge is to transfer 
to the ground a charge equal to the difference between the magnitudes of the 
two charges in the cloud This difference may be small and of either sign 
The effect of such discharge will therefore be neglected, and it will be assumed 
that, approximately, the total net effect of the lightmng flashes is that one- 
fifth of the total number bnng down a negative charge to the ground The 
mam source of uncertainty m the estimate is probably that the number of 
close discharges which have been recorded, is rather small for it to be regarded 
as a reliable sample of the average thunderstorm The electric charge carried 
by an average hghtmng flash is known quite rehably to be of the order of 20 
coulombs The average number of days on which ^hiinder is reported at 
Cambridge per annum is 12 Brooks* has estimated roughly that thunder is 
audible from all storms m an area of 200 square miles and that an average storm 
lasts 1 hour and produces 200 flashes If the same estimate be adopted here, 
the average annual number of lightning flashes over 1 square kilometre would 
appear to be about five Thus the annual effect of lightning discharges on the 
square kilometre under consideration is to transfer to it a negative charge of 
the order of 20 coulombs 

It remains to consider the effect of the c urrents caused by point disc haiges 
from trees and vegetation m general The smgle artificial point, from which 
the current has been studied, discharges in the course of a year about 0 13 
coulomb of positive charge from the earth to the atmosphere Data as to the 
comparative efficiency of the aitificial point and natural dischargers, such as 
the vanous types of trees, arc lacking It has been found, however, tliat when 
placed m an mtense artificial electric held between two plates, a metal point 
similar to the point on the pole gives currents of the same order of magmtude 
as those discharged from various types of twigs and leaves at about the same 
height One is perhaps justified in saying that the artificial pole might be 
expected to give a current of the same order of magmtude as that from a tree 
of the same height In order, therefore, to obtain a rough estimate of the 
total magmtude of the effect of the point-discharge currents over a given area, 
the trees surrounding the pole have been counted It is probable that the 
magmtude of the current from a smgle source of discharge depends on the 
number of other discharges m the immediate neighbourhood, the field near the 
groimd automatically reaching such a value that the vertical current per umt area 
IS equal approximately to the charge per umt area generated per second by the 
* ‘ Geophysioal Memoin,’ No 24 (vol 3, No 4), 1926. 
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cloud above It was decided, arbitrarily, to count the trees m a circular area 
of 0 25 sq km siuroimdmg the polo, omitting all trees whose height did not 
exceed that of the artificial discharging point It was found that there were 
m this area, rather more than 200 fairly well-exjiosod trees all exceeding 
appreiaably the height of the artificial point Some of these were much larger 
than the pole This number neglects entirely the large number of smaller 
trees and other types of vegetation which must presumably carry some current 
when the exposure to the electric held is good It also omits entirely two small 
plantations containing several hundred closely placed trees, many of them taller 
than th(' artificial pole It seemed, however, quite impossible, at present, to 
make any estimate of the contribution of these, to the total curient It does 
not seem unreasonable therefore to estimate roughlv that this area of 0 25 
sq km provides 200 dischargers eqmvalent to the artificial om which has been 
studied The area would then gam in one j ear about 2b coulombs of negative 
charge, or 104 coulombs per square kilometre The estimate of the annual 
(harge per square kilometre brought to the ground by the four processes con- 
sidered IS thus as follows - 

Fine weather current -|- 60 coulombs 

Precipitation +20 ,, 

Tiightmng discharges 20 ,, 

Currents carried by point discharges -100 ,, 

The estimates aie admittedly very rough ones , it would appear, however, to 
be quite possible that the four processes balam c one another approximately, 
or even that in tlus locality the earth on the whole gams a negative charge 
It appears very probable that the current earned by hghtmng and the point 
discharges together exceeds considerably the curnnt cairied down by ram, 
which 18 in the opposite direction, and therefore that there is effectively a 
vertical upward current through a cumulo-nimbus cloud from the earth to the 
upper atmosphere This conclusion is m accoid with previous results based 
on evidence of a different tyipe that shower clouds were predominantly of 
positive polarity Schonland* m South Africa has reached a similar conclusion 
with regard to the total cuirent through a cumulo lumbus clou<l The results 
of aU the observations which have been discussed are thus in entire agreement 
with AVilson’s theory that the hne-weather current into the ground over the 
whole earth is balanced by the currents raaintaint d between the earth and the 
upper atmosphere by shower-clouds 

• ‘ Roy Soo Proo ,’ A, vol 118, p 252 (1928) 
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In conclusion it is a pleasure to express my gratitude to Prof C T R Wilson 
fur his continued interest and advice during the course of these observations 
My thanks are also due to Prof H F Newall, lately Director of the Solar 
Physics Observatory, for his interest m the work Further, I wish to thank 
Messrs L J Stanley and W H Manning of the Observatory for their assistance 
m the setting up of some of the apparatus 


The Spread of Yorticity in the Wake behind a Cylinder 
L Rosenhead, Ph D , St John’s College, Cambndge 

(Communicated by H Jeffreys F R S — Received February 3, 1930 — Revised 
April 7, 1930 ) 

1 InlrodnctioH 

This paper is an attempt to investigate the effect on the configuration of 
vortices m the wake behind a cylmder of an allowance for the thickness of the 
vortices The vortices themselves are assumed to be initially rectilmear and 
of equal circular section, and we assume also that they arrange themselves in 
an “ unsymmetneal double row ” We therefore find a relationship between 
the “ stability ratio ” of the double row— that is, the ratio of the distance 
between the rows to the distance between consecutive vortices on the same 
row, in the stable configuration- and the diameters of the vortices The 
problem in its imtial stages can no longer be treated as one in two dimensions, 
for the ‘ self induction ” of a vortex only enters when we deal with a three- 
dimensional disturbance, and it is the self-induction that produces the differ- 
ence between this and the original treatment of the subject By the “ self- 
induction ” of a vortex we mean the effect of the vortex on itself The isolated 
rectilinear vortex is treated separately and the results obtained from it are 
extended to meet the case of the doable row of rectihnear vortices The three- 
dimensional stabihty of the B^nard-Karman street has already been discussed,* 
but the present treatment introduces vanous simpUfications which, while 
not altenng the general nature of the problem, make the expressions more 
amenable to treatment and yield results that appear to have been masked by 
the complexities of the algebra in the previous investigation 
* Karl Schlayer, ‘ Z Angew Math voL 8, p 352 (1928) 
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I would like to express my thanks to Dr H Jeffreys for many helpful 
cnticisms which have had the effect of altenng entirely certain sections of this 
paper 

2 Summary 

The stabibty of a rectilinear vortex of < irtular section for three dimensional 
disturbances is discussed and the vortex is found to be stable for a most general 
displacement This verifies a result obtained m another fashion by Levy and 
Forsdyke The work is extended to meet the case of the double row of vortices 
set up in the wake behind a cylinder moving in an infinite sea of hquid 

In a two dimensional disturbance the Bcnard-Karman street is stable for 
the stabibty ratio 0 2S1 for all values of the thickness of the vortices In a 
three-dimensional disturbance, if the wave length of the disturbance along 
the axis of the street is large, then the system is stable for all values of the 
thickness of the vortices In a general disturbance however, in which there 
occur components whose wave-lengths are small, these compomnts give 
instability, and they tend to break up the conbguiation The vortices will 
become increasingly distorted and the distanci between the rows will either 
decrease or increase In th<* first of these cases the system will always be 
unstable and the double row will disappear In the second case a position of 
transitional stabibty will ultimately be reached an<l the distance between the 
rows will no longer tend to increase nor will the vortices become more distorted 
The increase in the thickness of the vortices will now liecome the dominating 
factor, and with the spread of vorticity the system, though always stable, 
wiU tend to close up its ranks and to disappear In a general three dimensional 
disturbance, therefore, the pattern is always completely destroyed and it is 
only a matter of time before this occurs 

Hence in the trail behind a cyhnder we should expect that the first few 
vortices m the steady part of the wake are given by a stability ratio of about 
0 281 and that the ones further away become increasingly distorted and either 
come together and lose thi'ir identity, or at first show a tendency to increase 
the distance between the rows and then ultimately to come together as the 
vorticity diffuses 

3 The Isolated Rectilinear Vorteji 

In a recent paper by Prof H Levy and A G Forsdyke,* the stability of a 
rectihnear vortex of circular section was discussed as a particular case of a 
more general problem, the straight vortex being taken as the limiting form of 

* ‘ Roy Soo Proo ,’ A, vol 120, p 670 (1028) 

2 <J 
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a helical vortex when the pitch tends to iniimtj The investigations showed 
that the vortex was stable to a wave hke disturbance along its length, but the 
equations from which stabihty was inferred involved comphcated infimte 
integrals the convergence of which was not examined Stability can be 
inferred, however, by direct reference to some remarks made by Lord Kelvin 
in his discussion on the vibrations of a columnar vortex * 

In Lord Kelvin’s work the vortex was considered to consist of a core of 
radius s in which, in the undisturbed state, the liquid was rotating with an 
angular velocity w Outside the core the motion was in circles round the 
vortex with velocity to£*/r, r being the distance from the axis of the vortex 
The most general disturbance was then discussed and the components of 
velocity were found to be — 

When r < e, 

r = p cos Iz sill ( W — w0), 
rO = or + T cos Iz cos (W — iiO), 
z — iftBin Iz sin (W — «6), 

whore 

p = (X - «<o) |(X - luo) ^ I [4a>* - (X - nw)]a, 

T = (X-nai) 

and where (fi satishes the equation 



V being given by the equation 

v® = [4o)® — (X — Mto)®]/(X — nw)* 


<l> was taken to be CJ„ (vr), where C is some constant 
When r> e, r, rO and z are given by expressions similar to those above, 
but in the expression for r0 we have (i)e*/r instead of oir This makes 


P = 


1 ^ 
r dr’ 


n6 


Thomson, ‘ Phil Mas ,’ vol 10, p 166 (1880) , Kelvin, ” Collected Popere,” voL 4, 
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and satisfies the equation 



<f) was taken to be DK„ (Ir), where D is some constant 

The condition of no slip at the boundary of the vortex becomes 

•LtM I JL = -K\(/e) 

J„ (q) ^ q»X hK„ {h) ’ 

where 

9* = (I - X*)/X*, 

and 

X = (nto — X)/2w 

Lord Kelvin remarked that if this equation is treated as a transcendental 
equation in X, then this equation has an infimte number of roots between — 1 
and 0, and a similar number between 0 and +1 Further it was remarked 
that this equation has no roots other than those between —1 and +1 Hence 
X, and therefore X, must always be leal This is just the condition that the 
system is stable, for if X were complex, the disturbances would involve ex- 
ponentials that would increase with the time Heiuc the rectibnear vortex 
of circular section is stable for the most general disturbance 
Let us now discuss the various modes of vibration The case « = 0 is 
just a swellmg or contraction of the hlamint without displacing the centre, 
for we see that r at the surface of the vortex is independent of 6 The amount 
of swelhng or contraction varies, of course, with z The case a = 1 represents 
a displacement of the centre of the vortex foi it is easily seen that if we compare 
the radial velocities at the points 0 and 0 -f ^ we get (r )» — — (r )»+, Kelvin 
showed that, in the case a = 1, the wa\e of deformation on the surface 
of the vortex rotates with angular velocity X where* 

X = - log Hilt) ^ log Hilt) 

The equations of motion of the centre of the vortex would then be 
^ a; = i* log (l//c) y, j 

^ — Z*log(l/&)T 

Lord Kelvin also showed that for » > 1, the motion was also a rotation, but 
* Kelvm, loc oU , equation (61) 

2 Q 2 
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in this case the angular velocity was (» — 1) w = (w— 1) The equations 

of motion would now be 

47c — 2(n — 1) 

— »= ^^5 ’ y 

= C, — (?) ' - — i— COB Iz sin (w — 1) [6)< — 6] 

.A/ 

The ccntri of the vortex therefore is at rest The cases a > 1 represent 
wave motions over the surface of the vortex without displacing the centre of 
the vortex 

The equations obtained above are so simple that it was thought interesting 
to obtain a venhoation from another point of view The case « = 1 was 
taken as one that would show h^ist < omplication, but in spite of tlus, the 
discussion involves quite a deal of algebra but finally reduces to the form 
obtained from Ijord Kelvin’s elegant treatment 

Briefly our method is as follows We assume that in the undisturbed 
state the vortex is parallel to the axis of z The vortex is now (bsturbed and 
assumes a wave-hke form The three components of velocity at a point on 
the surface of the vortex are obtained by integration and the equations of 
motion are thus determined These give the normal modes of vibration for 
that particular form of disturbance It will be seen that the equation in X 
denved from the r and y components of velocity will not involve z, for the factor 
s'** will cancel throughout, and the equation in X derived from the z component 
of velocity will only introduce the value X = 0 (see equation 3 9) wluch can be 
neglected 

We may notice here that the small disturbances in velocity are not of the 
same order of magmtude The alteration in r and r0 is of the order 
where that in z is of the order t" Hence a good approximation will be obtained 
if we neglect entirely the z component of velocity This will be venfied 
incidentally in the case of n — 1, but it is equally true in any other case If 
we adopt this simpbfication the general displacement can be treated in the 
same way as we treat the two-dimensional problem, the only difference being 
that we must mtroduce the x and y components of velocity due to the vortex 
tself These are the self-induction effects 
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We must now investigate the wave-bke form assumed by the ccntre-bne of 
the vortex corresponding to » = 1 By letting r -> 0 in the expressions for the 
velocities m the core of the vortex we get 

(r)o = — p cos /z sin ( Xt — 6), (r0)o — p cos Iz cos (/i — 0), 

where 

p = Cv{X — co)/2f(X+ to) 

This means 

(x)q——P cos Iz sin Xt, {y)o~p cos Iz cos W 

Hence the general displacements of the centre-line must be of the form 
ae where a and ^ are constants and where X is not the same as 

that in the expressions for (j;)^ and (y)^ 

If K be the strength of a vortex, supposed uniform along its length, then the 
component velocities u, v, le at a point (r, y, z) are given by the line integrals 

= j{(2-2')(/y'-(y-y')rf3'}/R» 

^v = ^{(x — T')<h' -{z-z')dx’}IR’> ► (3) 

= ^{{y - y') dx' - (x - x’)dy'}IR^ 
where (x', y', z') are the current co-ordinates, and 

R*=:(/-a:7 + (y_y')* + (2-2T 

If we have a single line vortex at (Xj, y,) parallel to the axis of z, we get the 
usual results that the vortex itself is at rest and that the velocity at points off 
the axis is 

~x{y- k{x- Ci)l2nr^ 0 , 

where 

r® = (x - xf + {y- yif 

If now the axis is slightly displaced owing to a cbsturbance along its length 
of wave-length 27 t/ 1, the position of an element onginally at (xj, y^, Zj) is now 
at (x', y', z') where 

x' = Xj -f ae**+‘‘*S y' = yi + z' = Zj + 

where at, p and y uie some constants and X is to be determined For stabihty 
the real part of X must be either negative or zero 
In the above Une integrals we now put 

dx' lia 6*'+“'*' dz', rfy' = ap e«+‘‘^ dz', 
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i8 S7) 


U) 


dfj, 


and for points at an appreciable distance off the axis we put 

1/R* == [l + 3 H + 3^^^ SyijyV, 

where 

= (X- x,y \-0 j- yi)" + {3- z,y, Sx, = ae«+‘^, 8y^ = (5e^‘+''^ 

We get 

7 “ = “ - ‘'■’111 + ‘‘^'" 11 '’"' ] 

I* j: - 

^w= if {a (y - y,) - p (r - Xj)} j e‘*^ ^ 

These integrals spht up into several integrals of the form | ^ 

which are, of course, only special casesof Bessel functions of imaginary argument, 
and in Watson’s* notation we have 

r _£2if2L_rf. = (i)” r.(i) K. ( 8 ) 

This gives 

" “ |. (6) 

„ = {fi!^ a - p}k, (I,) 

When a is large the following asymptotic expansion is permissible 


cos ST) , 

(1+vr* 


= 2V2t: 


s'+ie- 


1 3 5 (2p4-l) 


(2s) (2s)» 


K,(s)-0 

* “ Bessel Functions ” (1022), p 186 
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This indicates that the disturbance becomes zero at large distances from the 
axis We cannot use the expressions for («, v, to) to give the values of the 
velocity components on the vortex itself even if wo inscit thost expansions 

for I valid for small r This is so because the expres- 

sions for (m, V, w) were obtained on the assumption that (Sjj/Ro)^ and (Si/i/Ro)® 
were negligibly small for all values of x and y This is no longer true if {x, y) 
hes on the vortex itself Further, if we consider the velocitv at a point on 
the axis of the vortex the integrals involved in have an inhmty at R = 0 
and are divergent, thus making («, v, w) indeterminate The fact is that the 
expressions {u, v, w) are not true for points on the axis Singularities of a 
similar kind occur in the. theories of attractions * This difficulty is avoided 
if wo discuss the motion of a point on the surface of the vortex Let s be the 
radial distance of this point (/, y, z) from the point (i', if, z'), (x', y') being, of 
course, the point in which the axis of the vortex cuts the z plane Let v 
be the angle made by this railius vector and the axis of x Then 

x = Xi + -|- e cos V, y -= 4- + e sin v, 

x' ==Xi+ ae**'*'*'^, y' — y^+ |3 

We now have 

R^=^(z-zy + <t>^ 

where is of the second order in a and [5, and we see that 

= e* -f 2s [a cos v P sin v] 1 + e-** [a^ + p^] fe'** — e “ (6) 

If the system is in absolute equihbrium, that is, if the real part of X is negative, 
then approaches as t increases If the system is in neutral equihbnum, 
that IS, if the re*l part of X is zero, then 

z^<\<f>*\<{z + 2Vof~+?>y 

This fixes hmits — & and <^3 = s -f iv^oc* + p®, and gives an incbcation of 
the accuracy of the approximation Further, if e is large compared with the 
displacement of the centre hne, and if the section of the vortex is circular, we 
may put = e The substitution of e for <f> in R® over the whole range of 


Cf Leathern, “ Combndge Trocta,” No 1 
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integration will be immaterial If the system is unstable, the above approxi- 
mation will lead to an inconsistency We now get 


- p + jr “ liz -~\7+^r ^ 


[(2 ~ 2 ')* + 

+ ac^^'' — rfz' -I 

^ [(2 _ ^ [(2 - 2')* -f- e»r 




~ order (a*) = 0 
The integrals 


f e BUI V f e cos V 

J 1(2 - 2')* + eT" J 1(S - 2')* + ‘ 


which are equal to ^ ^ and *' ^ are the components of velocity in the 

undisturbed state of a point on the surface of the vortex, and therefore cancel 
with corresponding terms in the values of u and »> Hence 


^ Xa = (i I - I + 2l*Ko (U) + ^ K, (/*)} 

= P {- I + 2i* log (1/lc) -t- ‘^1 i - I log (l/le)]| 

= p{Plog(l/fe)} (8) 

Similarly 

^xp = -«{/»log(l//e)), I 

r r 

'^Xy^O J 

Hence 

_[faiog(l/Ze)*]*, or X = 0, (10) 


and the system is in neutral stabihty X — 0 is just a general displacement of 
the vortex These equations are true for any point on the surface of the 
vortex and as the diameter of the vortex remains constant the equations are 
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also true for the centre of the vortex This verifies the results that were 
obtained before, for the equations of motion are seen to be 

— a: = i* log (1/fe) V, — y = — /* log (l//e) a-, —2 = 0 (11) 

The above approximations were made on the understanding that (h) is 
small This makes the expression l*log(l//e) positive We now define the 
symbol y) = 26*Plog (l/Ze) where 6 is a constant at piesent undefined y; is a 
measure of the self-induction of a vortex, for we see that if u and v are the 
components of velocity of a point on the siuface of the vortex, then we sec 
at once that the thinner the vortex the more stable it is Also, if e is 
fixed, and I becomes very small, yj (t This means that as the wave- 
length of the distuibance becomes infinite, the effect of self-mduction becomes 
zero This is true for all e For pure translation of rectilinear vortices 
Yj — 0 for all t, and the investigations of the stability of a double row of vortices, 
each of radius e, reduce to the investigations of von Karman Hence the 
Karman street m which the stability ratio is 0 281 is stable for a disturbance 
of purely translatory typi, and for a disturbance of large wave-length, for all 
values of the thickness of the vortex This was noted by Schlayer (foe cit ) 

4 The Double Rou of VorHcee 

In actual experiment the vortices are not of infinite length, but we imagine 
the vortices to be continued indefinitely on both sides of a surface of dis- 
continuity, such as the bounding wall of the vessel, or the free surface (which is 
considered as a shghtly deformable boimdary), so as to satisfy the condition 
that there shall be no flow through the bounding surface 

In the undisturbed position the Karman street of vortices m an infinite 
sea of liquid consists of cylindrical vortici s of radius e whose axes are at right 
angles to the 2 plane and cut it as follows - 

Vortices of strength -j- ir at the points (2ntb, a), 

Vortices of strength — /c at the points ( (2n +1)6,— a), 

where m and n assume all integral values from — oo to + oo Wc intend to 
discuss the vortex »i = 0 We now assume that all the vortices are shghtly 
displaced and that a representative vortex on the upper row takes the shape 

+ = 2wi6 + ^ _ o q. ppW+.i.+. 

and that a representative vortex on the lower row takes the shape 

*' = (2m + 1)6 + a'c«+‘'*+‘ <*“+»>*, y' = -o+ (2) 
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where «, p, a', arc coiistantB and ^ is a constant such that 
The factor introduces a penodicity into the disturbance along the axes 
of the individual vortices and the term introduces a periodicity along 
the axis of the wake Wo investigate the x and y velocities of the points of 
section of the axes of the vortices with an arbitrary z plane In this plane 



The factor exp (dz) can very well be absorbed into the constants a, p, P' 
m this plane For stabihty we must liavc that the real part of X is either z( ro 
or negative In the two-dimensional treatment of this problem the equations 
of motion are 

py-Q = — Ap — Ba' — Cp', 

PVo = — Aa — CV -f Bp', 

Ba + Cp d-Ap' 

pyo' = Ca + Bp + Aa', 

where 

p ^ Snb^/K, k. — a jb, (6) 

and where 

g _ 2 (‘2n + 1) _ 1 2^^ sinh k(n — 24 ) , 7t^ smh 2k<f> \ 

" {(« + i)* + fc*}* coshl^Tt cosh^fcc J 

Q _ S {(» + ^ .( 2 /i-i-n A _ Tt^cosh 21 _ 27z<f> cosh it (tc — 2<^) 

" {(» + ^)*}* cosh* Alt , cosh hz 

These equations of motion are the same as those given by Lamb* but a few 
alterations in notation have been made If now we take account of the altera- 
tion in velocities due to the distortion of the individual vortices we get that 
the equations of motion are 

pXfl = (tj — A) p — Ba' — Cp', 

pyo = — (t) + A) a — CV + Bp', 

pajo' = — Ba + cp — (/j — A)P', 

pyo' = Ca -f- Bp 4- (^ + A) a' 





“ Hydrodynamios,” p 211 (1924) 
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If now we put ajg — Xa, — X^, Xq =■ Xa', yo — Xp', we can get the quartic 
for X m the usual way, but the displacement resolves itself into two types 
In the first type we have a — p — — p', giving equations 

p^o = - "B* + (^ - A !- C) p, 

pyo + A + r)ot -Bp 

This gives rise to exponentials where 

pX _ B ± VA2-((' ) ff 
In the second type wi have a = — a', p = p', giving 

pu„--=Ba f (rj- A-C)p, 1 
P«/o=- -(ti + A — (’)« + Bp J 
The solution of these equations involves exponentials i-** where 
pX = B ± VA» - ((' - rf 

For stabihty we must have that A* < (C + /))^ and A® < (0 — v))^ for all 
values of ^ We see at once that if the vortex is sufficiently thin for fixed 
values of k and I, that is, if i) is large enough to swamp the values of A and C, 
then the system will be stable for all values of a/6 We have 

\ — l<f> {n ~ <f>) — V? sech^ ibt, 

C — sech* ytrr cosh 2k(f> — 2n<l> sech kn cosh A, (ti — 2^), 

where 0 (^4 tt Let us now put lcn= \i, 2k (^— iir) = 6 From this point, 

the symbol 9 will be used consistently with this interpretation, and it should 
not be confused with the polar co-ordinate 0 used previously We get 

A^A = (1-2 sech* p) - JO*, 

A*C = p sech p [p tanh p sinh 0 -- 0 cosh 0], 
where — p 0 •< p The stabihty conditions now become 

(A + C — ■ /]) (A — C -f Tfj) <0 for all 0 in the range — p < 0 < p, 

(A -t- C -H T)) (A — C — 7)) <0 for all 0 in the range — p < 0 < p 

If in the first of these conditions we put 0i = — 0, A remains unaltered but C 
changes sign, and the first condition is transformed into the second The 
two stabihty conditions are therefore identical We will deal with the first 
of them 


} ( 8 ) 
(9) 

( 10 ) 

( 11 ) 
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On account of the symmetry of the expressions we will first discuss the forms 
of the curves (A + C) and (A — C) Even this is not necessary, for if we 
plot the curve (A + C) with abscissa 0 and ordinate y, then the curve (A — C) 
IS the image of (A + C) with respect to the y axis Hence we need only discuss 
the shape of (A + C) For this purpose the following table is useful 


Table I 


e 

- M 1 



iP(A + C) 

0 

- 2 *ech‘ ix) 

— 2/1* scch* /i 

*«^(A+C) 

•> 

^aech ft (fi tanh /t — 1) 


**|:(A+C) 

(ji’ scch* 11+2/1 tanh ;i-l) 

-1 

—{/jf scch* fi-^2n tanh /i-fl) 


We note that 

A* ^ (A C) — — 0 -h (1 sech p [(p. tanh p — 1) cosh 6 — 6 smh 6] 




^ Jfl* (^ + C) = — 1 + p sech p [(p tanh p — 2) smh 6 — 0 cosh 6] 


The above details and the following considerations enable us to draw the 
curves (A + C) 

A knowledge of the positions of the maxima and mimma (if any) of ^ (A + C) 
IS of great help and these will now be investigated The solutions of 

P^(A + C) = 0 
«re obtained from the equation 

P ^ (A + C) = — 0 + p sech p [(p tanh p — 1) cosh 6 — 6 smh 6] = 0 
This can bo put into the form 

(smh 6 + cosh p/p) I ~ _ e| = 0 

I smh 6 + cosh p/p ; 
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The factor (sinh 6 + cosh (i/(a) has at most one zero m the range — (x 6 [i, 

and at this zero we have 


which does not vanish unless (i tanh (x — 1=0 But if [x tanh [x — 1=0 
then the zero of (sinh 0 1- cosh (x/ (x) occurs at the point 0 = — (x But there 
18 a zero at 6 = — (x for all values of p Hence the factor (sinh 0 + cosh (x/(x) 
contributes nothing to the zeros of kH (A + C)/d0, and we need only discuss 
the curve 

c _ o ( osh 0 

sinh 0+6 


where o = (jx tanh jx ~ 1) and 6 = cosh (x/p. The zeros of 5 and 
k^d (A +C)/i0 are identical We have 

a (6 sinh 0 — 1) , sinh^ 0 — 6 (o — 2) sinh 0 + a + 6® 

dO ■“ (sinh 046)* ■“ "" (sinh 0 + 6)* 


d0* 


a cosh 0 
(sinh 0 + bf 


[(2 6*) — 6 sinh 0J 


When a is negative then the minimum value of (sinh 0 6) 111 — p 0 p 

IS 

— sinh p + 6 = < osh p (1 — p tanh p)/p = — «6 = positive 
Hence (sinh 0 + 6) is always positive in the range — p < 0 p Hence ^ 
can have no zero for a positive 0 Also d*$/d0* is always negative for negative 
0 and hence a straight hne can cut ^ in at most two points in the negative range 
Hence the curve ^ = 0 has at most two zeros m the negative range, and one 
of these is always 0 = — p We see at once that ^ has no zeros other than that 

at 0 = — p if {d?,ldQ)) 18 negative, that is if 

sinh* p + 6 (a — 2) sinh p + a + 6* > 0, 


which reduces to the condition 

(2p-l)<e-'‘ or p<0 639 

Hence when p < 0 039 the curve A;* (A + C) is of the form (1) in hg 2 When 
a = 0, p = 1 200 and so m the range 0 039 < p < 1 200, d^/dO is positive 
at 0 = — p But (5 )(:=_m = 0 and (5)»=o = a/6 = negative, and so there 
18 one zero for ^ in the range — p < 0 0 when a is negative This zero and 
the one at 0 = — p are the only ones that 5 possesses When a = 0 
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and the only zeros for ^ are those at 0 == 0 and 0 = — jx Hence when a is 
negative typical members of A:® (A -J- C) are given by the curves (1), (2), (3), 
(4), (6) of fig 2 Curve (3) corresponds to the case cosh* p = 2 and cuts the 
abscissa at the origin This curve will be referred to later The curve (6) 
corresponds to a = 0 and has its maximum on the ordinate axis We have 
now to investigate the state of affairs when a is positive 

We see at once that (smh 0 + 6) will be zero for some negative value of 0 
This will correspond to an asymptote to the curve ^ parallel to the ordinate 
axis Let Oj be that value of 6 that makes (sinh 0 -f 6) = 0 Then in the 
range — p < 0 < Gj, d*5/ei0® is negative and ^ has no zero In the range 
01 <0^0, d^/iZG is always negative and which is positive 

Hence ^ has no zero in the range — p < 0 0 Wlien a is positive the only 

possible zeros for ^ occur in the positive range of 0 (5)«-o i® positive and 

= — 2p/{l + p tanh p) = negative Hence there are an odd number 
of roots between 0 = 0 and 0 = p Also is zero for two values of 0, 

and hence ^ has one or three roots in the range 0 < 0 < p rf^/(/0 is zero 

when 

2 smh 0 = 6 (o — 2) ± V6* (o - 2)* - 4 (6* + a) 

The expression within the square root sign can be put into the form 

and we see that this is negative when o < 4 If o > 4 the critical case is 
given by the solution of the equation 6* = 4/(o — 4) which is p = 5 018 
Hence when 1 200 < p < 6 018, d^ld% has no zero and the equation 5 = 0 
has only one solution m the range 0 0 < p When p = 6 018, is 

zero for 0 = 3 415, and, as might be expected, d‘^jd&^ is zero here since 
6* — il(a — 4) When 6 = 3 415, 5 = — 1 394 Hence 5 only has one 
zero and that occurs at a value of 0 less than 3 415 It occurs m fact somewhere 
near 0 27 

When p > 5 018, d^jd^ has two real zeros The values of 0 for which this 
occurs he within the range 0 < 0 < p That this is so can be shown as 
follows Let 0' be the larger of the two values of 0 corresponding to 
the roots of d^/dO = 0 If this hes outside the range 0 0 < p then 

smh 6' > smh p, that is 

2 smh p < [6 (a - 2) + V6* (a - 2)* - 4 (6* + a) 
or 

2sinhp < smh p- 1222^+ ^Agmh p - i^22L[f )* _ 4 (6* 
p \ p / 
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which becomes 

12 smh (i cosh [i/fi < — 4 (6* + a), 

which 18 obviously impossible Hence the larger value of 0, and the smaller 
one, lie within the required range The smaller value of 0 will correspond to 
a minimum of ^ and the larger one will correspond to a maximum of ^ If we 
can prove that the value of ^ at this maximum is negative, then it is obvious 
that ^ has only one zero within the range This is the case and the following 
mvestigation proves it When g is large, greater than 5, say, we pay put 
tanh [ 1 . = 1 with an accuracy of 1 in 10*, and the equation giving the roots of 
dildQ = 0 18 

smh 6 - i [«» (« - ^) ± t a)] 

= i [cosh (A (^1 _ i) ± \/ (cosh^ (X - 

For large values of p, 4(j,*/(n — 5) can be neglected in comparison with cosh* p, 
eg , when (x is h, 4jx*/(jx — 5) = 144 and cosh® p, — 40,689 181,1 The ratio 
of disparity increases with p Hence we hav» 

smh 0 = i cosh p [l — - ± J 

neglecting terms of smaller order than 1 /p* Hence the smaller value of 6 
18 given by 

smh 0 = cosh p/ p* 

and the larger value by 

smh 0 = cosh p f 1 ^ 

I- p p*J 

We see that 6 m both cases becomes large with p, and putting smh 6 = J e* 
we get that 



The value of 5 for this value of 6 is easily found to bo 


correct to (1/p*) and we can see that this is negative even for moderately large 
values of p Hence 5 has at most one zero in the range We note also that 
(5)*-o = o/6 = p (p tanh p — l)/co8h p This tends to zero as p increases 
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and hence the zero of ^ tends towards 6 = 0 as n becomes large Hence the 
curve (a) of fig 1 represents a typical ^ curve m the range 1 200 < p <6 018, 
and the curve (p) represents a typical curve when p > 6 018 



Fio 1 — The ordinate in this figure is 5 = — 0 where o = p tanh p — 1 and 

sinh (I + e 

b — cosh p/p 0 vanes from — p to p, and so ^ has Ixsen plotted against the abscissa 
6/p Curve a represents a typical $ curve m the range 1 200 < p < 6 018, and the 
curve represents a typical curve in the range p > 6 018 

The corresponding changes in the form of the curve k* (A + C) is given by 
the following fig 2 

We are now in a position to determine those values of tq that make 
(A+C+tj) (A — C — >j) < 0 for all 6 m the range — p 0 p There 
are three possible ways m which this can occur — 

(1) (A + C + 7)) always positive, and (A — C — vj) always negative , 

(2) (A + C + 7)) always negative, and (A — C — tj) always positive , 

(3) (A 4- C + ■»)) and (A — C — tj) bemg of opposite sign for a particular 

value of 8, but intersecting on the 6 axis in one or more points 
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Fro 2 — The ordtruite m this flirure w 1;“ ( A 4- (') and the ab8( uwa 0 The figure shows 
the change in form of i (A (- C) inth increasing (x 

The state (2) is impossible, for il it were possible, then 

(A + (' + y^) - (A - C - Yj) = 2 (/) f C’) 

would have to be negative for all 6, and for 6 = 0 in particular, that is y; 
would have to be negative, which is impossible The state (3) is also im- 
possible, for suppose it were possible that (A + f’ + and (A ~ C — y)) 
should cut the axis of 6 at the same point, then both (A -J- C + /)) and 
(A — C — Y]) must have both positive and negative values in the range 
— 0 (1 Now the stabilitj condition at the point 6 = g. is 

(— 2 ( 1 * sech* (X + (— < 0, 

that 18 , 

lt®Y) > 2ix* sech* (j. 

But if )fe*Yj > 2(x* sech* (x, then from the form of the curve (A -f (J) we see that 
A* (A 4- C -f Y)) 18 always positive, for the maximum modulus of the negative 
ordinate is 2 (x® sech* |x Hence state (3) cannot exist There is, however, 
the singular and isolated case m which state (3) can exist This corresponds 
to curve (3) of fig 1 Hence yj = 0 and (x = 0 881 This particular case 
corresponds to the case investigated by von Karman and its relevance will be 
discussed later We must, therefore, return to the first of the three alternatives 
given above 

We have seen already that if (A -f- C + >]) is to be positive always, then 
von. oxxni —a 2 a 
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ife*if)> 2(i*sech* (x The sole remaining question is whether this value of \ 
makes A* (A — C — tj) negative for all values of 0 This is obviously so if the 
maximum positive ordinate is less than 2n*8ech* |ji A consideration of the 
curves shows us therefore that the mmimum value of for stabihty is the 
greater of 2(x* sech* jx and the maximum positive ordinate of Ai* (A + C) We 
hnd that when fx 1 531, then ifc* (A + C)nMx 2fx*sech* |x Hence when 
[i 1 331, then A;*y] = 2(x* sech* (i When |i > 1 531, = A* (A + C),,,,, 

We note that as [x increases the position of the maximum tends towards 
6 0 and that the value of the maximum tends towards Jp*, as can be seen 

from the formula for A;* (A -f This and other points can be verified from 
the following table 

Table II 


f* 


t*(A 1 C),,,,, 

2>**Beoh* ft 

1 200 

0 0000 

0 2800 

0 8781 

1 600 

0 2027 

0 7430 

0 8131 

1 530 

0 2231 

0 7085 

0 8013 

1 631 

0 2237 

0 8000 

0 8009 

1 600 

0 2618 

0 0348 

0 7708 

1 800 

0 3584 

1 3602 

0 0710 

2 000 

0 4360 

1 8205 

0 6652 

2 500 

0 5505 

3 1209 

0 3323 

3 500 

0 6410 

6 2217 

0 0892 

6 000 

0 2746 

12 6323 

0 0091 


We note that = 2o*l* log (1 /It), and that if t is some defimte quantity, 
as it IS in actual experiment, then A*>] 0 in two ways The first is when 

I -* 0, and the second when a ->■ 0 The hunting processes must therefore be 
apphed with some care We may summanse the results of the stabihty con- 
siderations as follows As long as the disturbances of the vortices are purely 
translations then the Karman street given by A -= 0 281 is stable no matter 
what the thickness of the vortices But as soon as the wave-length of the dis- 
turbance along the vortex becomes sensible there is, from a consideration of fig 2, 
a distinct domain of instabihty in the neighbourhood of = irr This, however, 
IS of no importance if <f> for the actual disturbance is small, m which case the 
system is stable If there are any components of the general disturbance in 
the neighbourhood of = Jn they will give instability and break up the con- 
figuration We must now make an assumption of a physical nature if we are 
to explain the subsequent motion The assumption is that the vortices tend 
to spread as much as possible owing to viscosity Owing to instabihty the 
individual vortices will twist about and give an irregular three-dimensional 
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motion, and also the distance between the rows will either tend to increase or 
to decrease If the tendency is to decrease the distance between the rows, 
then the system will always be unstable and the double row will close up its 
ranks and will disappear If there is a tendency to increase the distance 
between the rows then, assuming that c does not alter appreciably, a state 
will ultimately be reached where the parameters of the system are such that 
they correspond to a point on th< stabihty curve By “ stabihty curve ” we 
mean the curve showing the relation between the minimum value of y) that 
will ensure stability for a given value of a/6 — as is shown in fag 3 In a position 
of stabihty there will be no tendency for a to increase, nor for the vortices to 
increase their distortion The change in e is now the dominating factor 
Therefore for a given value of I, /) increases till it cuts the curve obtained from 
Table 11 Since there is a tendency for e to increase, the parameters of the 
system wiU now be given by this curve c increases slowly and yj diminishes 
Hence a now tends towards zero (The small bump m the curve A;*y) which 
may give rise to comphcations, such as a gradual incre-ase in t and then 
a decrease, may be ignored The bump is merely due to the mathematical 
peculiarities of the curves — and since we are only dealing with the problem 
very approximately we cannot pay too much attention to it The general 
tendency is, however, as given ) This is true for all e Generally we may say 
that for disturbances of large wave length along the axes of the street and 
vortices the Karman street is stable whatever the thickness of the vortex 
For smaller wave lengths there is instability and the vortices become increasingly 
contorted The double row may meanwhile tend to close up its ranks and 
disappear, or to increase the distance between the rows In the latter case 
a position of stability is reached - but this is merely transitional, for the 
increase in the diameter of the vortices becomes the dominating factor and 
the vortices twist up till they are no longer recognisable The following fig 3 
demonstrates what happens The broken hne is the curve A*yj, and the un- 
broken lines show the increase in yj for various values of /, resultmg from the 
increase of a and c The curve giving the relationship between y) and p is 
therefore as follows — 

Schlayer* ehmmated c from the equations in a manner which is open to 
cnticismi The work done by the body (put equal to [Karman’s expression 
for the resistance] x [velocity of the body]) per umt tune, was equated to an 
expression mvolvmg the energy associated with the vortices. The energy 
associated with the vortices was taken from an expression given by Lamb, 
• Sohlayvr, toe. ei< , pp 361-2 
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namely, E = ip2»c4'> where the appropriate signs for #c are taken, and is the 
value of the stream function at the different vortices It was remarked 



Fig 3 — ^The ordmate is fc®?] •= 2a*i* log (I//*) and gives a measure of the self induction 
effect of the vortices Systems represented by pomts on and above the broken hne 
are stable for all components of the motion All systems represented by points 
below the line (except the uolated ease correspondmg to the two dimensional disturb 
ance of the Karraan street) ha\e certain components which are unstable The un 
broken lines represent changes in the \ alue of kh) produced by changes m o (the distance 
between the rows) and c (the radius of the vortices), I being kept unchanged along each 
unbroken hnc 

correctly that iji at each vortex was infinite, and therefore the author took a 
small domain of radius c round each vortex, found the energy, and so intro- 
duced c into the equations But the expression E = ipSitij;, used by the 
author, is only valid if 1,k is zero Apart from the difficulties involved in the 
assumption that we may consider the Karman street as a system m which 
'Lk is zero, there is also the fact that the energy does not depend on c and can 
easily be evaluated If we consider an individual vortex, say at 2 = a, we 
have that ip in the neighbourhood of this vortex is given by 

(J, = log »• -f regular function, 

where r is the distance from the point a. The infimty at a vortex is due to 
the term log r But if Ek is zero, then all these mfimties cancel and the total 
energy is ipE»c4< where ij; is the value of the stream function at a vortex due 
to all the other vortices, and is no longer infimte The energy can thus be 
evaluated without mtroducing the thickness of the vortex The relation 
obtamed by Sohlayer therefore cannot be accepted. 

[Note added March 20, 1930 — It has been suggested that some defimte 
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numerical case of unstable motion be given— and the following may be regarded 
as a t)rpical example Let us assume that the undisturbed double row is the 
Karman street — that is, a/6 ~ 0 281 For the remaining figures we shall 
take values derived from certain experimental data which, it is hoped, will be 
pubhshed shortly The depth of the vater tank used was 13 cm and if we 
assume that the free surface of the wat<r is a slightly deformable bounding 
wall, then the distancf between the two boundaries is some integral multiple 
of half the wave length of the disturbance along the axis of a vortex of the 
street, for at the boiuiding wall the \elocit\ of the fluid must be entirely along 
the wall That is 

13 = a (it/f), (1) 

where n is an integer, and (2it/l) is the wave length along the axis of the vortex 
tube Let us investigate the case n = 10 This makes I — 0 4138 The 
radius of the vortices is approximately 0 16 cm Approximately also 

a = 6e = 0 80 cm These figures make = 0 60 A brief investiga- 
tion shows that (A + C -f >)) is negative in the range 0 775 < 0 0 881, 

and positive in the range — 0 881 6 <0 776 (A — C — t)) is found to 

be negative in the whole of the range — 0 881 < 0 0 881 Hence the 

components in the range 0 775 < 0 0 881 are unstable This refers to 

the disturbance which, m the theoretical investigation, was given by (4 9) 
That of (4 11) wnll be unstable in the range —0 881 < 6<0 776 The 
component that w ill increase most rapidly with time is the one that has the 
largest value of VA* — (C -f In the case we are discussing, this is given 
by 0 = 0 881, which gives 

where to is the angular rotation of the \orttx to itself cannot be measured, 
but it IS obviously very large If we giv» it only a moderate value, say to = 10, 
we get that the component of the initial disturbance correspondmg to Z = 
0 4138, ^ = 0 (t e , 0=0 881) is doubled in 1 7 seconds and trebled in 2 8 
seconds If we adopt diflerent values for n we get correspondingly different 
ranges of instability, and different amounts of instability— but the general 
phenomenon is the same 

Smce the communication of this paper the results of an interesting investi- 
gation have been published by Levy and Hooker* and the results indicate 
that there is another factor that makes for instabihty in the Karman street, 
♦ ‘ Phil M»g,’ vo) 9, p 489 <1930) 
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and this is the velocity distnbution m the fluid upon which the vortex B3rstem 
18 superposed The discussion in the present paper deals with three-dimensional 
disturbances of the vortices in an infimte sea of hquid, m which, of course, the 
basic velocity is assumed to be constant The paper of Levy and Hooker 
investigates two-dimensional disturbances of the vortex system in a channel of 
iimte breadth, in which the distribution of the basic velocity is such that it 
has a maximum at the centre-line of the channel and decreases smoothly to 
the barriers Any such distribution makes for instability The disturbing 
effect depends upon the rate of change of the velocity between the axis and 
the walls of the channel with respect to the distance from the axis It was 
remarked correctly that, in general, when the channel is wide, the basic velocity 
in the middle of the channel is approximately constant The result of this 
will be to dimmish the disturbing effect if the distance between the rows is 
small compared to the distance between the channel walls There will 
however, be the self-induction effect of the vortices which will tend to destroy 
the pattern In general we may say then that both factors are operative 
The effect of three-dimensional disturbances is always present and the effect 
of the distribution of the basic velocitv is operative with varying degrees of 
importance, thus, if the object is wide compared with the channel, the dis 
tribution of velocity is the all-important factor, but if the object is of small 
diameter, the effect is neghgible It should be noted, however, that the 
analysis of Levy and Hooker is only valid when the channel is wide in com- 
panson with the obstacle ] 
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Photo-conductance Phenomena %n the Silver Halides, and the Latent 
Photographic Image — Introduction and Part I 
By F C Toy, D Sc , and G B Harrison, B Sc , British Photographic Research 
Association Laboratories 

{Communicated by T Slater Price, F R 8 — Received P’ebruary 8, 1930 — Revised 
March 22, 1930 ) 

[Platb 18] 

Introduction 

In studying the mechanism of the photographic process the quistion naturally 
arises as to the part plajed by the silver halides, which form the basis of 
practically all photographic emulsions It becomes important to determine 
whether, or not, the photographic mechanism can be linked up with one or 
more particular characteristics of these silver salts Especially is this so m 
view of the fact that some investigators have developed theories* m which 
the silver halides play no direct part m the photo reaction taking place on 
exposure They have assumed that the absorption of tlio active light and th® 
resulting process occurs in other bght sensitive substanres associated with the 
silver halides m the emulsions, and that the function of the silver halide is 
merely to act as a source from which metallic silver is produced bv the process 
of development Weigert especiallv supports this idea at the present time 

It seems to us, however, that the evidence which now exists is not only 
strongly against this view, but is in favour of the idea that the primary photo- 
graphic process is intimately concerned with the absorption of hght by the 
silver hahdes themselves, and may indeed be identified with certain of their 
characteristic properties 

We may take silver bromide as typical of the silver halides, and as the one 
most commonly used m photography There are three well-known effc*cts 
of the action of hght upon crystals of this salt — 

(1) The splitting up of the silver bromide by hght into free bromine and 
metalhc silver, which under ordinary conditions can be observed by 
the detection of free bromine m the medium surrounding the crystal 
and by the residue of metalhc silver This is what is known as “ photo- 
chemical decomposition ” the process by which it takes plac^e will be 
discussed later 

• Sohanc ‘Phot Korr,’ vol 68, p 8 (1921), Weigert, ‘ Proc VII Int Congrees of 
Photography,’ London, p 87 (1028) 
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(2) The external photo-electnc effect when the hght is of suitable frequency.* 

(3) The internal photo-electric effect, or photo-conductmty effect, by which 
IS meant the change in the electrical conductance of the crystal which 
takes place on illumination f 

It has now been shown beyond any reasonable doubt that (2) can only be 
indirectly connected with the photographic process { This conclusion has 
been drawn because experiments have shown that the critical wave-length for 
the external photo-electric enussion from silver bromide is in the region of 
X 3000, whereas a silver bromide emulsion is photographically sensitive to 
wave-lengths longer than X 5000 

On the other hand, when we consider the two other characteristic properties 
(1) and (3), the evidence strongly points to the photo-chemical decomposition 
and the change of electncal conductance on illumination being intimately 
connected and governed by the same mechanism as the photographic process 
This suggestion will be developed in what follows 

There is now a large measure of general agreement that the process of latent 
image formation by light may be considered theoretically as divisible into two 
stages - 

(1) The formation of free bromine and metallic silver as the immediate 
result of the hght absorption by the silver bromide This is known 
as the primary process 

(2) Comphcated chemical reactions between the bromine and other sub- 
stances, such as gelatin, present in the emulsion and surrounding the 
grains of silver bromide, the distribution of the liberated silver possibly 
being influenced in some way m order that nuclei of a certain mimmum 
size, capable of imtiating the development process, may be built up 
These reactions whereby the bromine is to some extent prevented from 
recombining with the silver make up what is known as the secondary 
process 

The Primary Process 

We shall be concerned here with the pnmary process only Although the 
conception of it given above agrees better with observed facts than any other 

• W Wilson, ‘ Ann Physik,’ voL 23, p 107 (1007) 

f Wilson, lor ett , Scholl, ‘ Ann Physik,’ vol 16, pp 193, 417 (1905) , and Arrhenius, 
• Eder’s Jahrb ,’ p 201 (1896) 

X Toy, Vick and Edgerton, ‘ Phil Mag vol 3, p 482 (1927) , Butler, ‘ Proo Iowa 
Acad ,’ vol 34, p 277 (1927) 
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idea, yet f^tual photo-chemical decomposition of silver bromide into its elements 
has not definitely been proved to take place in exposures of the order of those 
used in photography In the latter case proof of decomposition is at present 
beyond the accuracy of available analytical techmque It will now be shown 
how a study of the photo conductance effect will furnish a method by which 
the primary process can be observed under conditions of time and intensity 
comparable with those used in photography 

In the silver bromide lattice, the single valency electron m the outer shell 
of each silver atom may l>e regarded as associated with bromine rather than 
with silver, giving silver and bromide ions The action of the hght in splitting 
up the crystal into free bromine and metallic silver may be regarded as the 
release of valency electrons from the bromide ions Thus dunng illumination 
there are a certain number of free electrons present in the crystal, which were 
not free in the dark The presence, on illumination, of a sufficient number of 
these additional free electrons should be detectable as a change in the electrical 
conductance of the crystal At this stage we do not, of course, exclude the 
possibihty of the photo-current being partlv lonu 

The idea here suggested is that the electron shift necessary for the photo- 
chenucal decdmposition is the same as that which produces the change in con- 
ductance, or in other words, the pAoto current observed by applying a potential 
difference to the silver halide is due to the same mechanism as that which brings 
about decomposition 

If this be true, then it should be a general fact that compounds which can 
be decomposed by light will show the photo-conductancc effect over the same 
spectral region as is effective in causing decomposition This point has been 
emphasised by Toy,* and only a brief reference need be given here It is cer- 
tainly true for the silver halides , Fajans has shownf that if puresilver bromide, 
free from gelatin, be prepared in such a wav that its surface is not contaminated 
by certain adsorbed ions, such as silver or hydroxide ions, the longest wave- 
lengths which are effective in causing appreciable visible decomposition in a 
reasonable time are in the blue green region of the spectrum, the sensitivity 
increasmg rapidly towards the ultra-violet This is also true for the direct 
decomposition (called the “ print out ” effect) of a pure bromide photographic 
emulsion, and the spectral range over which this decomposition is observed 
18 precisely the same as that over which silver bromide exhibits the photo- 
conductance phenomenon For both silver bromide and silver chloride it 
* ‘ Proo VII Int Congress of Photography,’ London, p 23 (1928) 
t ' Z Elektrochem ,’ >ol 28, p 499 (1922) 
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may be noted that this region is, in fact, the long wave-length edge of the 
absorption bands of these salts 

In addition to these special cases where the spectral sensitivity data are 
known, it seems to be a general fact that all compounds which can be spht 
up into their elements by hght show the photo-conductance effect, while most 
of those which are very stable to hght, such as many fluorides, nitrates and 
sulphates, do not show any photo-conductance whatever These facts ate 
well brought out m a paper by Gudden and Pohl * 

There seems, therefore, to be little doubt that in studying the photo-current 
in silver bromide we are dealing fundamentally with the same mechamsm as 
that which brings about photo decomposition A permanent chemical change 
can only occur if some secondary process is allowed to prevent the hberated 
bronune from recombining with the silver The secondary process can to 
some extent be controlled For instance, it will be given every chance to 
occur if the silver bromide is surrounded b^ a medium with which free bromine 
reacts very readily, while it will be preventedentirely if the surrounding medium 
18 an impervious substance which does not react with bromine, such as glass 
or quartz In this latter case no permanent change in the silver salt can take 
place no matter how long the exposure to light ms> be, and it will be in 
precisely the same state after exposure as it was before But the point to 
emphasise here is that even if there is no permanent decomposition the process 
of liberation of the valency electrons still takes place when the silver bromide 
18 illuminated, only in this case there is an equilibrium existing between the 
rate of their liberation from the bromide ions and the rate at which they go 
back again The photo-conductance effect should therefore be observed 
whether decomposition takes place or not In the former case, it will, however, 
be complicated by the changing nature of the system, whilst in the latter it 
can be observed as a completely reversible process In the experiments to 
be described later, the conditions were always chosen so that the secondary 
reactions were prevented 

Now if in the photographic plate the light action is the same as that taking 
place both in photo-conductance and in photo-chemical decomposition then 
the spectral sensitivity range common to these two latter processes for a given 
hahde should be the same as that of the latent photographic image (made 
visible by the process of development) m an emulsion made with the same 
halide This also has been shown to be true (Toy, loc cU ) Both in emulsions 
made with silver bromide and silver chlonde the spectral regions active 


‘Z Pbv8lk,’vol 16, p 42(1923) 
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photographtoaUy correspond closely with the hght absorption curv es of the pure 
hahdes Another striking example of the similarity between the photo- 
conductance and photographic effects is given by mercuric iodide, which 
Ltippo-Cramer* showed in 1903 could be used with gelatin to make a photo- 
graphic emulsion He stated that such an emulsion had a maximum sensi- 
tivity at about X 5600 when exposed to the spectrum of the sun Later and 
more accurate experiments by G Athanasiuf showed that for an equal energy 
spectrum this maximum sensitivity is at X 5100, a value which agrees closely 
with that found by VolmerJ for the position of maximum photo conductance 
effect in pure mercuric iodide 

From the standpoint of the mechanism of the formation of the latent image 
in silver hahde emulsions the investigation of the photo conductance phenome- 
non in the silver halides themselves thus appears to be of great importance It 
furmshes a means of studying the mechanism of the primary photo-chemical 
process during the actual light exposure Also it is capable of detecting 
extremely small hght effects, the limiting accuracy dejiending only on the 
sensitivity of the electrical apparatus used for the observations It therefore 
brmgs within the range of attack latent image problems for the solution of 
which the available methods of chemical analysis are quite inapplicable 

Gudden and Pohl have pubhshed many very important papers on the photo- 
conductance effect in crystals Little reference is made to their work here, 
largely because in the different types of crystal {diamond, zinc sulphide, 
selenium) mainlv studied by them, the photo-currents seem to be of a less 
simple nature than those we have observed in silver bromide 

The precise meaning of “ photo-conductance ” throughout this paper is as 
follows if a and R be the conductance and resistance in the dark, and o' and 
R' the corresponding values in the light, then photo-conductance equals 
c'-o = l/R'-l/R 

The first part of the paper desiribes the experiments winch have been 
undertaken in connection with the study of this photo-conductance effect 
in silver bromide The experiments have been devised with the mam object 
of elucidating the following problems - 

(1) The relation between the effect and the time of exposure 

(2) The relation between the effect and the hght intensity 

(3) The nature of the earners of the photo-currents 

♦'Edera Jahrb . p 34(1003) 
t ‘ C R vol 176, p 1389 (1023) 
t ‘ Z Wisf) Phot \ol 16, p 152 (1916) 
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The last problem involves a study of both the dark and the photo-conductance 
effect over a large temperature range, and the influence on the temperature 
effect of annealmg the silver bromide 
The second part of the paper deals with the interpretation of the experimental 
results and their significance from the standpoint of photographic theory 


Part I "■ 

The first essential m carrying out the work outbned in the introduction is 
to find a method of mounting the silver halide in a satisfactory and convement 
form The main conditions to be fulfilled are the following good contact 
between the salt and electrodes , a umform electric held between the electrodes , 
layer of salt of uniform and controllable thickness , area illuminated made as 
large as possible and the resistance between the electrodes kept low 

It would, of course, be desirable to use single crystals, such as are found in 
photographic emulsions, for these experiments, but owing to the difficulty of 
handhng such small objects it was thought advisable to work first with the 
salt in a more convement form It was therefore decided to used fused silver 
bromide, which Wilseyf has shown to have the same crystal structure as the 
grains in a photographic plate However, the technique of workmg with 
small crystals is being developed and it is hoped that as soon as possible they 
will be tested in the same way as the fused salt 
The silver bromide was prepared as follows 30 gms tnple re-crystalhsed 
silver mtrate were dissolved in about 700 c c of distilled water, and 20 gm of 
ammomum bromide, re-crystalhsed once from water, were dissolved in 200 c c 
distilled water The silver nitrate solution was slowly added to the ammomum 
bromide solution in red hght with violent shaking and agitation When all 
had been added the precipitate was allowed to settle, and the whole allowed 
to stand overnight The supernatant liquid was decanted off and the pre- 
cipitate, after washing by decantation six times, was collected on a hardened 
filter paper (so as to mimmise contamination by orgamc matter) on a Biichner 
funnel and further washed 12 times with distiUed water It was then trans- 
ferred to a watch glass and dried for 5 hours at 130° C , and further for 14 hours 
at 180° C 

Fig 1 shows a transverse section of the type of specimen first used (type G) 
The silver bromide was fused on to a circular quartz plate A, 26 mm in diameter, 


• By a B Harbisor 
t ‘ Phil Mag vol 42, p 262 (1921) 
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with optically worked surface, and spread by a quartz rod into a long strip 
along a diameter While still hot the optically worked edge of another quartz 
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plate B was pressed down on the strip, being kept at a given distance from the 
base plate by means of two small pieces of microscope cover slip The 
dimensions of the edge of tins upper plate were 25 X 1 5 mm Sufficient 
silver bromide was used to fill the gap between the two plates and leave enough 
on both sides of the upper plate for making contact with the electrodes The 
electrodes were of fine silver wire 0 2 mm in diameter and were carefully 
cleaned by immersion in dilute nitric acid until the surface just started to 
etch, followed by washing in distilled water This etched surface seemed to 
produce better contact than if the wire wore mechanically cleaned so as to 
leave a fairly smooth surface The wire was then embedded m the molten 
salt on each side of the upper plate and the whole allowed to cool When its 
temperature had fallen to about 100“ C the surface of the bromide was painted 
with parafiin wax to exclude moisture The use of silver for the electrodes 
has the advantage that with the silver bromide it forms a reversible system, 
a point which wnll be referred to later In all the experiments silver electrodes 
are used unless stated otherwise 

It will be seen from fig 1 that there is a uniform layer of salt between the 
plates, and smee practically the whole of the resistance is due to this part of 
the salt the field wnll be uniform wrhatever the position of the wires m the outer 
salt The thickness of the layers may be measured by means of an accurate 
screw gauge, a zero being taken wnth the two plates pressed in close contact. 
In this way a thickness down to 2 or 3 p can be estimated with sufficient 
accuracy Quahtatively the results given in the paper are not affected by 
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vanation in thickness from 1 (ji to 200 (t, which are the limits used Uiroughoat 
the work 

These preparations were found to be very satisfactory, the electrode contact 
was good and they could easily be repeated Their dark resistances at ordinary 
temperatures were of the order of 10"* ohms 


Electncal Ctrcmt 

The potential gradients used across the silver bromide throughout this work 
did not exceed 4 volts per millimetre at ordinary temperatures, giving a 
current of the order of 10"* amps. The magnitude of the additional current 
on illuminating the silver bromide varied enormously with the conditions, but 
in some cases it was at least 100 times smaller than the “ dark ” current It 
was therefore necessary to find a suitable method of measuring a small fraction 
of a small current 

The specimen of silver bromide (S, in fig 2) was set up m senes with a constant 



50-megohm resistance (X) and a 6-volt dry battery (B) One end of the 60- 
megohm resistance was connected to the gnd of the first valve, and the other 
end through an adjustable dry battery A, and a Cambndge potentiometer P, 
to the filament of the first valve Two stages of amphfication using resistance 
coupled 0 E.56 valves were found smtable, the anode current of the second 
valve being passed through the galvanometer (G) together with a “ com- 
pensating " current adjusted to the same value, and fed from part of the battery 
supplying the second valve filament Precautions had to be taken to ensure 
that the first valve acted as a voltmeter of infimte zeustanoe 
Two kmds of galvanometer were used— for ordinary work a comparatively 
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insensitive Gambrell instrument was found to be satisfactory, its period being 
about 2 seconds For investigating the time of reaction, etc , an Einthoven 
stnng galvanometer* with s>nchronous timing and photographic recording 
gear was used The quickest penod of this instrument in the circuit described 
IS about 1 /200th second 

To measure the photo-currents, the adjustable potentials A and P (fig 2) 
in the grid circuit of the first valve were arranged so that there was no deflection 
of the galvanometer The silver bromide was illuminateil and m consequence 
its resistance changed, producing a redistribution of potential around the 
circuit SXB The change of potential at ross the fixed resistance X was then 
compensated by altering the potentiometer to bring the galvanometer back 
to zero The battery B was then disconnected and the potentiometer reading 
reqmred to bring the galvanometer to zero again taken These three readings 
gave the potential difference between the ends of the fixed resistance both m 
the dark and light Dividing these values bv the magnitude of the resistance 
X gave the total “ dark ” and the total ‘ light ” ( urrents The photo-current 
was the difference between the two 

The great disadvantage of this circuit is that every change of resistance of 
the silver bromide is accompanied by a change of potential across it, and it 
was necessary in order to obtain comparable results to reduce all readings to 
some standard jxitential This could, of course, only be done if the current- 
potential curve m silver bromide follows some known law, for instance. Ohm’s 
law This point was tested, using silver electrodes for both the hght and dark 
currents at various temperatures from —180° C to f 60° C , and the law was 
found to hold ngidly in every case But it was found that if platinum electrodes 
are substituted for the silver ones, a potential of about 1 volt has to be apphed 
before any current flows, due to a polarisation em f which builds up quite 
slowly This appears in the hght as well as in the dark, as would be expected 
These results showed that provides! silver electrodes were used the circmt 
described above could be employed, and the observed current always reduced 
to the value corresponding with a fixed potential by the apphcation of Ohm’s 
law The reduced values were strictly proportional to the conductances 

If a freshly prepared melt of silver bromide be exposed to hght, compheated 
effects which will be referred to later arc at first noticed It is sufficient for 
the moment to say that the effect expected (a quick increase m conductance 
on iQummation, called the ‘ positive effect ” and resulting m the photo- 
current) could be observed under suitable conditions, and isolated from all 
• Kindly loaned by the Director of the Science Museum 
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comi^ioatiBg factors. It was therefore posable to investigate the tune of 
appearance of the photo-current after the sUvw bromide was Oluminated 
Experunents were first made using one valve amplification combmed with 
the Emtfaoven string galvanometer, bat recently mcreased sensitivity (to be 
dealt with later) has made it possible to use a simple oiremt consisting of battery, 
Einthoven galvanometer, and specunen, thus doing away with any lag inteo- 
duced by the amplifier The penod of the instrument under these conditions 
was about 0 006 second For the actual experiment it was necessary to 
record on the film the trace of the galvanometer string, the timing marks, and 
some record of the time when illummation of the bromide was commenced and 
fimshed In order to do this the apparatus was arranged as shown in fig 3 



The cinematograph film may be taken as equal m width to the length of sht 
shown m fig 3, and movmg in a direction perpendicular to the plane of the 
paper The two sources of hght, Sj and S,, illuminate the film m the manner 
shown m the figure, the partition P being placed so that S| can only ill umina te 
part of the sht and practically the whole of it The specimen of silver 
bromide S, is mounted m the beam from Sg so that part of the beam illuminates 
the specimen and the other |>art the sht The specimen is connected to a 
battery and the string galvanometer The source is focussed on the string 
and a lens forms an image of the latter on the film A synchronised toothed 
wheel T interrupts the beam from S| at intervals of 0 01 second and thus 
produces Imes across the fihn corresponding to this mterval With this 
arrangement the moment of illumination of the crystal Sp is registered by the 
darkening on the fihn due to the direct hght from S,, while the moment at 
which the photo-current starts to flow m S, is registered by the movement of 
thij image of the galvanometer string on the other part of the film Any “ lag ” 
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betir<i«i| Ikuati of ittummataon ai^d tli« uutwtion of tb« photo-current oouM 
tihiu be detected 

photographs' m fig 4 (Plate 18) show some of the results thus obtained 
(o) fthows a comparatively long exposure of about 1*36 seconds , it will be seen 
that equilibrium is estabbshid after about 0 I second However long the 
expocnixe lasts after this there is no change, and on cutting off the hght the 
specimen returns to its original state (ft) was obtained by means of a motor- 
dnven disc W (fig 3) cut so that the specimen was lUuimnated durmg half a 
revolution and was in the dark during the other half The ‘ shutter ” gave 
exposures of 0 08 second, taking 0 004 second to open and th( same tune to 
close (d) 18 an enlargement of part of (6) showing clearly the exact agreement 
bi^ween the edges of the black portions, representing the moments of exposure 
and out off, and the beginning and end of the string movements due to photo- 
Currents (c) shows exposures of 0 (HK)"! second made about every 0 02 
second by a revolvmg wheel , it can clearly be seen that even at this short 
exposure some considerable effect occurs 

It 18 interesting to note in passing that this arrangement is an illustration 
of the idea of the primary and secondary photographic processes (Jiscussed m 
the mtroduction The single beam of light from 8^ maj be regarded as pro- 
ducing only the piimary pait of the photographic process in one layer of silver 
bromide (S„) and the nhole photograpluc process (primary f- secondary, giving 
latent image) in another lay < r, c e , the emulsion on the film 

The compbcation referred to earher as occurrmg with a freshly prepared 
specimen is a slow decrease of conductance with tune (negative effect), due to 
a gradual alteration m the crystalbne state, until eqmhbrium is estabbshed 
after 5 or 6 days As will be seen later the estabbshment of equilibrium can 
be hastened by annealing This decrease is accelerated by U^t, so that on 
first lUuxmnation a freshly prepared specimen may show an increase, or a 
decrease, or very httle change m its conductance, depending on its crystalline 
state at the moment of test Moreover, the observed result will vary with 
tame In the recent work of KiriUow* on these effects it appears that he has 
not recognised that the negative effect is merely a subsidiary property 
of an agglomeration of silver bromide crystals, and is not a fundamental 
charactenstic of silver bromide itself 


• ‘ Z Wiss Phot vol 2»(, p 235 {102») 
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Relation between Intensity of lUumtnatton and Photo-conductance Ejfeid 

From a theoretical standpomt it might be expected that the effect would be 
proportional to the incident hght intensity, as in the photo-electric case The 
experiment to test this was carried out by mounting one of the usual type of 
specimens behind the sht of the spectroscope, and placing in front of the sht 
a movable Ilford neutral optical wedge The blue line X 4368 from the mer- 
cury arc was then adjusted to pass through the slit and readings of the photo- 
current taken by the usual valve amphher method for various positions of 
increasing density of the wedge until the effect became too small to be measured 
The density of the wedge was then gradually decreased and readings taken 
in the reverse direction The mean of these two sets was taken so as to 
eliminate any possible errors due to small changes of sensitivity of the specimen 
dunng the experiment The Ilford wedge was calibrated accurately for the 
particular bght used 

The light intensity was varied in the ratio of 100 to 1 approximately, and 
many curves were obtained on different specimens, all of which gave a straight 
hne relation between photo-current and intensity within the limits of experi- 
mental error The greatest intensity of the light employed was 50 y 10"* 
cals per square centimetre per second 

So as to prove beyond all doubt that the photo-currents were actually 
observable with light intensities within the normal photographic range (i e , 
those which require ordinary exposures) an intensity of ultra-violet hght was 
adjusted so that it only just produced a developable effect on a plate of 
H and D speed 650 in an exposure of l/25th second The photo-current 
which this intensity produced in silver bromide was easily observable on the 
galvanometer 

Investigation of the Effect of Temperature on the Dark Conductance and on the 
Photo conductance 

The dark conductance was found to vary very rapidly with temperature, 
being practically exponential m form as shown in fig 5 (1) The relation 
found can be represented by the following formula, 
log <j = A - B/T, 

when or is the conductance, T the absolute temperature and A and B are 
constants As can be seen from curve 2 (fig 6) the results fit this formula 
extremely well, and it has been shown to hold over the range from 20° C to 
—150° C* (Since the specific conductance could not be obtained owing to 
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uncertainty as to the dimensions of the specimen, the current at constant 
voltage has been plotted against 1/T ) Every specimen tested whether 
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annealed or not, gave the same relation, the slope of th< curves agreeing within 
experimental error The effect of annealing was, however, to decrease the 
dark conductance enormously in all cases 

The experimental results obtained from the investigation of the effect of 
temperature on the photo conductance are very compbeated The various 
curves obtained are shown in fig 6 The first experiments y’leldetl curve A 
which will be seen to have a sliarp maximum at aliout ~ C This was 
repeated for four specimens of the standard (G) type Then for no apparent 
reason types (B) and (0) appeared whii h have a maximum at — 'HI" C Some- 
times this maximum was very pronounced (B) and sometimes almost negligible 
(C) This occurred in more than 12 consecutive specimens of the standard 
type, and no change in the mode of preparation could produce curve A again 
Many explanations of the pecuhar shaped curves were considered but they 
all failed when put to experimental test One, however, led to an interesting 
piece of work of which the results only will be given for lack of apace It 
was suggested that the effect might be due to a variation of absorption of 
Sliver btooude with temperature, direct observation having already made it 

2 s 2 
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clear that the salt was more transparent to blue hght at low temperatures 
The experimental results arc given in tig 7 , ielati\e values only were obtained. 



and the values obtained by Slade and Toy* at room temperature were used for 
standardisation The values of the absorption coefficient k are plotted against 
* ‘ Roy Soo Proo A, vol 97, p 91 (1920) 
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temperature for the wave-lenj^ths X 4358, X 4062 and X 3650 It will be seen 
that the variation is very considerable, but the results cannot explain the 
maximum m the photo-conductance curves at — 90® C 
At this point further tests were made on a specimen which had been made 
four months previously A comparatively large quantity of silver bromide had 
been fused on to a glass plate and m it had been placed a gnd of 10 platinum 
wires, 0 07 mm diameter — ^the bromide spreading over all the wires The whole 
had been allowed to cool in the absence of any cover plate The specimen had 
been given a test for sensitivity at room temperatures, and had then been put 
away and left for four months before being tested at various temperatures The 
result of this test is shown in fig 6 (D) This curve is seen to be different 
from all those prevnously obtained, and it was thought that the reason for this 
change might throw some light on the peculiarities already encountered Other 
specimens made up exactly as the one just described and tested immediately, 
gave temperature curves of the tvpe B and C, so that the form of the curve 
appeared to be connected with the time the specimen is kept before testmg 



This suggested that the shape of the curve would depend on the extent to 
which the silver bromide had been “ annealed,” and that if a specimen were 
kept at a temperature just below its melting point for a daj or two and then 
allowed to cool slowly, it might produce the same effect as keeping it for several 
months at room temperatures This was found to be the case, for on atmeahng 
a specunen similar to the one described above, which for convenience we will 



628 Photo-conductance Phenomena %n Silver Halides, 


call the Z t)^, for 2 days, curve D was obtained The curves drawn m the 
fagure are not all on the same ordmate scale Various degrees of annealing 
produce different shaped curves— some having maxima at vanous temperatures 
above ~ 90° C Fig 8 shows the results of anneahng one particular specimen- 
curve A was taken immediately after preparation when the specimen (Z type) 
has been cooled very rapidly It was then annealed for 48 hours at about 
20° C below its melting point- it then gave curve B It may be stated here 
that although it has never been possible to extend a curve of type D (fig 6) or B 
(fig 8) to a sufficiently high temperature owing to the breaking down of the 
specimen, it is practically certain that the curve will reach a maximum, since 
all measurements done at high temperatures above 30° (' show a very rapid 
falhng off of photo-conductance 

From the above experimental data the following fact is explained In the 
standard type of specunen, when the bromide is enclosed bctwi en two plates, 
it would be expected that anneahng would be more difficult than in the open 
‘ Z ” typo, consequently curves of type D (fig b) have never been observed on 
the standard specimens however long they have been kept or to whatever 
extent they have been annealed However, the few that gave curve A 
(fig 6) were evidently annealed to a greater degree than the usual ones 

This evidenee defamtely spems to prove that the shape of the photo-con- 
ductance, temperature curve is largely controlled by the crystalline state of 
the silver bromide 

It may be noted here that the increased sensitivity at room temperatures 
due to anneahng, and the fact that the “ Z ” type is naturally more sensitive 
than the standard 6 type, has made it possible to use a simple circuit containmg 
only the specimen, battery, and Einthoven galvanometer, the dark current 
being compensated by means of a potentiometer At room temperatures 
the increase of conductance on illumination of carefuUy annealed specimens 
can easdy be made as much as 30-fold whereas unannealed specimens of the 
same type txposed to the same illumination would only show increases of a 
few per cent , or less. 
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Photo-canductance Phenotnena in the Silvei Halides arul the Latent 
Photographic Image — Part TI. 

By F r Toy and U B H 4 rrison 
(C ommunicated by T Slater Priee, F R H — Received February 8, 1930 ) 

The Nature of the Photo cunent 

Although the experiments whi«h have been desciibed do not permit defamte 
conclusions to be drawn regarding the natme of the photo current, it is very 
probable that it is to a large e xti ut, if not < ntiri ly, electronic , as predicted in 
a preliminary note to Nature ’ (Mav 4, l‘)29) As, liowever, the method of 
attacking the problem has been by a compansoii with the dark current, the 
mechamsm of which is known from the work of previous investigators it is 
advisable first to refer briefly to the question of electrical conduction through 
unilluminated fused salts 

The work of manj previous investigators has definitely shown that in tho 
dark at room temperature the conduction process is purely electrolytu , there 
being no evidence of any elec tromc current in salts of the silver chloride-silver 
bromide type Tubandt and his co-workers* have shown that m silver broimde 
all the dark current is carried by the silvei ion onlj The experiments of 
Phipps, Lansing and Cooke, f of Phipps and Leslie J and of Phipps and Part- 
ndge,§ show that th< transport of electricity b> means of the kation onlj is a 
common characteristic of many solid salts These authors found that from 
room temperatures up to the melting points the kation is the only carrier of 
electricity in the case of the chlorides and bromides of silver, lead and thalhiun, 
but that in the case of sodium and potasbium chlorides, the anion also conducts 
at the higher temperatures In all these cases the relation between the con- 
ductance (o) and the absolute temperature (T) was found to be 
log o = A — B/T, 

where A and B are constants, which is the same equation as we have found to 
hold m our experiments over the entirely different range, from room tempera- 
tures to —180° C 

• Tubandt and Lorenz, ‘ Z Phys Hiem vol 37, p "»73 (1914) , Tubandt and Eggert, 
•Z Anorg Chem vol 110, p 195(1920). Tubandt, ‘ Z Elektroehem ,’ vol 20. p 358 
(1920) , Tubandt, ‘ Z \norg Ohem vol 115 p 105 (1921) 
t ‘ J Amer Chem Soc ,’ vol 48, p 112 (192«) 
t ‘ J Amer Chem Soc ,’ vol 50, p 2412 (1928) 

J ‘ J Amer Chem Soc ,’ vol 51, p 1331 (1929) 
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The process of electrical conduction in single crystals and crystal aggregates 
has also been the subject of many other papers, notably by A Smekal * A 
brief reference to his work must be made here, since it may be of considerable 
importance from the point of view of photographic theory According to 
Smekal, crjstal properties ma> be considered as divisible into two classes 
according to whether alteration of crjrstal structure leaves the property un- 
changed or not The former he calls “ structure insensitive ” properties and 
the latter, to whuti electrical conduction belongs, properties which are 
“ structure sensitive ” The latter are greatly influenced by the conditions of 
crystallisation, whereas the former are not Smekal distingmshes two types of 
conducting ion One of them (the ‘ por< ” ion) is the ion which is on. an 
internal or external “ surface ” of the crystal In the case of an aggregate 
mass of salt these “ surfaces ” oi edges of discontinuity m crystal structure, 
may be largely internal, due to imperfect crystallisation This type of ion 
Smekal supposes to be more loosely he Id and much fieer to move in the crystal 
than the second or ‘ lattice ion type, by which he m<aiis an ion in a part 
of the crystal wheie it is suriounded by a perfect lattice The moie mobile 
“ pore ” ions an identified with the edge ’ ions suggested by Bliih and lost t 
On this idea the dark conductance is due to the pore ions and depends on the 
extent to yyhuh these are present, their number being least m the most perfect 
crystal and becoming greater as the state of crystallisation becomes less and 
less perfect Smekal quotes m support of this idea the fact that the imperf* ct 
crystalhne aggregates formed by the solidihcation of niolti n salts at a high 
temperature have an electrical conductance enoimoualy greater (in one case 
it was found to be nearly one thousand times greater) than for crystals of the 
same matenal deposited from solution The experiments of Jofie and Zecho- 
witzer,t which show that the electrical conductixity of a single crystal of rock 
salt heated between 5(K)° C and 600° C and subjected to increasing strain 
remains unchanged as long as no new “ surface ” or ‘ cracks ’ are formed in 
it, are also quoted by Smekal as supporting his “ surface ” theory of electrolytic 
conduction 

Our own experiments on the dark conductance are in complete agreement 
with these ideas Fig 5 shows that the same relation holds between the dark 

* ‘ Z Physik ’ 1 ol J6, p 2g8 (1920) . ‘ Phvs Z vol 27, p 837 (1926) , ‘ Z Elektroohem 
voL 34 p 472 (1928) , ‘ Z Phys Chem vol 6, p 60 (1929) , ‘ Z Physik,’ voL 66, p 289 
(1929) , ‘ Z Elektroohem ,’ vol 35 p 667 (1929) 

t ‘ Z Phys Chem ,’ vol 1, p 270 (1928) 

j ‘ Z Physik,’ vol 36. p 446 (1926) 
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conductance and temperature as previous workers found Tins relation holds 
whether the silver bromide is annealed, or not, though the magnitude of the dark 
conductance depends enormously on the state of crystalhsation and vanes 
with it m the way demanded by Smekal’s theory This is shown by our 
experimental observation that the dark conductance of a silver bromide melt 
which had been prepared by viry sudden cooling was decreased some thirty 
times by subsequent slow annealing 

It seems, therefore, that the dark conduction of silvc r bromiilc maj be attri- 
buted very largely, if not entirely, to silver ions whi< h are situated at such 
places as “surfaces” and inlerfaces between elementary cr\stal3, and that, 
apart from its true surface conduction, a single perfect crystal of silyer bromide 
would be practically an insulatoi This conclusion seems a natural one, since 
it 18 difficult to imagine how conduction can occ iir in such a cristal, made up 
of lughly electropositive and highly electronegative atoms the latter having 
a strong afeiuty for the excess or valency electron of the former 

The problem whether the photo current is carried bv electrons or by ions 
could be directly solved if it were* possible to test h'araclac s Second Law for tha 
photo-current as Tubandt did for the dark current But unfortunately the 
currents through silvei bromide layers of dimensions suitable for gi\nng a 
photo-current comparable with the dark c iirrent an so small that a measurable 
quantity of silver cannot be deposited on an electrode within a reasonable tune 
Nevertheless, the facts just quoted m legarcl to the daik conduction are of 
considerable value in arriving at a conclusion as to the probable nature of the 
carriers of the photo-current For if we compare the results obtained in our 
experiments on the photo-condiictarue with those for the dark conductance, 
to which reference has just been made, striking differences are at once noticed 
Firstly, the variation of photo conductance with temperature (hgs 6 and 8) 
IS in sharp contrast to that of the dark conductance with temperature, the 
shape of the former depending enormously on the conditions of cry'stallisation 
and in all cases being different from the form of the relation between the dark 
conductance and temperature Further, while at room temperatures the 
effect of annealing the silver bromide is to decrease the dark conductance (some 
thirty times in the case already quoted) it increases the photo-conductance 
enormously Thus in hg 8 even at — '>0° C the photo conductance after 
anneahng is some forty times greater than the value at the same temperature 
before anneahng 

These facts strongly suggest that the photo current is largely , if not entirely, 
electronic If it were lonu, it could only be due to the silver ions, just as 
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18 the dark current, for if the action of hght is to change certain of the bromide 
ions into neutral bromine atoms, there seems no reason why the bromide ions 
should carry the current in the hght if they do not do so m the dark But the 
idea of an lomc photo-current not only leads to the suggestion that it must be 
carried by silver ions but also that these ions must be “ surface ” ions hke 
those carrying the dark current, for we rule out the possibihty of ions m a 
perfect lattite having anv appreciable mobility If this were the case tJien it 
might be expected that the photo-conductam e would decrease with an increase 
m the annealing just as the dark conductance does, and for the same reason 
The fact that the photo-conductance changes on anneahng in just the opposite 
way to the dark conductance therefore makes it di&cult to suppose that the 
photo-current is lomc, but has a simple explanation if it is carried by electrons 
For, since free electrons can move easily through a metal, there seems no 
reason why they should not do so even in the perfect silver bromide lattice, 
assuming, of course, that during the light action some electrons which pre 
viously were bound to the bromine atoms may then be regarded as ‘ free 
Also, the continuity of the crystal structure might favour their easy flow 
and hence increase the conductance instead of decreasing it as m the case 
where it is due to the " surface ” silver ions 
In connection with this question of the nature of the photo-current, there 
18 one more point which must be mentioned Referring again to hgs 6 and 8 
it will be noticed that for every silver bromide specimen, whatever its state of 
crystalhsation, the photo-conductance tends to increase with decreasing 
temperature below about — 160” C This is again in disagreement with the 
facts for the dark current, which decreases continuously from the melting 
pomt down to —180” C While we cannot yet explain why the general shape 
of the photo-conductance, temperature curve depends to such an extent on the 
anneahng, it is possible that at the lower temperatures the photo conductance, 
being electronic, increases with decreasing temperature for the same reason, 
(whatever that may be) that it does so in a metal At temperatures above 
—150° C it may be that this simple metalUc conduction (which is approxi- 
mately inversely proportional to the absolute temperature) is becoming more 
and more masked by some other, and at present unknown factor Of course 
it may be dangerous to push this analogy to the case of a metal too far, since 
in silver broimde the “ free ” electrons are generated artificially by hght, and 
in metals they are present naturally as a characteristic property 
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The Bratton of the Photo-conductance to the Ltght Inteimty 
It has already been stated in Part I that the photo-conductance is directly 
proportional to the intensity of the light, a result which can very probably 
have only one interpretation For, since the mobihty of the electrons is 
almost certainly independent of the light intensity for large variations of the 
latter, the change in photo-conductani e with intensity can only be ascribed 
to a change in the number of additional froi* dutrons present on illumination 
Thus we conclufle that the number of thctrons free at any moment during 
illumination and taking part m the conduction process is proportional to the 
light intensity If for every free electron there eviats a neutral bromme atom, 
then the number of such atoms is also proportional to the intensity of the 
light 

The Relation of the Photo condin lanri to tfu hnu of Rjrposiiu’ 

Our experiments (fig 4) can be (xplaincd bj supposing that the rati of 
production of free dectrons is pioportional at each instant to the incident hght 
intensity This uniform growth of fric dectrons \vill be checked, however, 
by recombination with disc harged atoms As a result of this an appreciable 
time must elapse before ec|uilibrium conditions are estabhshed Fig 4 shows 
that this period is of the order of 0 07 second 
In connection with this question of the tim< of appearance of the photo- 
currents, some recent important experiments by Vanselow and Sheppard* 
must be quoted, for although they do not deal directly with changes of current, 
the experimental observations certainly fat in with the assumption of an almost 
instantaneous liberation of electrons from the silver hahdes on illumination 
Vanselow and Sheppard have been investigating electrode potentiab in photo- 
voltaic cells, a problem which has been thi subject of much previous work, 
though not from the special view-pomt of photographic theory The phenome- 
non studied was originally discovered by Beequerelf who found that if two 
similar electrodes consisting of a layer of silver iodide on metallic sdver be 
immersed m a solution contammg iodide ions, a difference of potential is 
estabhshed between the two electrodes when one of them is illuminatt'cL 
Using silver electrodes coated with silver bromide and a solution containing 
bromide ions Vanselow and Sheppard have shown that although the effects 
which occur on illumination arc rather compheated, in general the illuminated 
electrode becomes negative relatively to the other when the hght is first turned 

* ‘ J Phys Chem ,’ vol 33, p 331 (1020) , ‘ Nature,’ vol 123, p 979 (1929) 
t ‘ La Lumitre,’ p 121 (1868) 
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on, and then gradually assumes a positive potential as the illumination is 
continued In a further communication Sheppard* describes later experi- 
ments which show that the rise of negative potential begms within 1 /600th 
second and attains a maximum within l/65th to l/20th second, although on 
turmng off the hght the positive potential only falls off very slowly, takmg 
several seconds to drop in value by 10 per cent Vanselow and Sheppard suggest 
that the effects observed are due to the hberation of electrons from the silver 
bromide by the action of light and to accompanying hberation of bromine 
The almost instantaneous initial negative potential is supposed to be due to 
the fact that “ the electrons penetrating into the silver electrode increase 
the electron pressure and thereby produce the initial negative surge,” while 
the positive potential is cxjilained as being duo to the action of the slower 
moving bromine atoms on the inner silver part of the electrode when they 
reach it They test this assumption us to the positive effect in two wajs 
Firstly, they argue that if it is due to the ac tion of bromine on the silver electrode, 
then the presence m the solution of a “ bromine acceptor,” i c , a substance 
which will react with bromine and thus prevent it attacking the silver, should 
decrease or ehminate the positive potential Tbej find this to be true Secondly, 
they say that if both electrodes are kept in the dark and one only is surrounded 
by a solution containing bromine which should diffuse through the silver 
bromide la^er on to the silver, then this electrode should become positive 
relative to the other and there should be no negative effect at all This again 
IS what 18 obserMcl expeiimentallj, the value of the positive potential varying 
With the concentration of the bromine in solution 

Owing to the known corapheated nature of the electrode potentials in such 
cells as Sheppard and Vanselow have used, it is not easy to see to what extent 
their results and ours are in agreement But if their explanation of the 
effects thej observed be correct, then both their experiments and ours confirm 
the fact that the primary hght action is to remove an electron from the bromide 
ions, leaving neutral atomic bromine In their experiments this bromine 
diffuses towards the metal silver electrodes , in ours it is entirely prevented 
from moving 

Sheppard has suggestedf that the investigation of the photo-conductance 
phenomenon has not proved that the electrons involved are the valency 
electrons of the bromme atoms as is beheved to be the case in the direct decom- 
position effect and also in the latent image formation But the whole of the 

♦ ‘ Nature,’ vol 123, p 970 (1929) 

t ‘ Nature * (loe ett ) 
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speotxal sensitivity data previously referred to m the introduction to this paper 
shows definitely that it is due to the removal of this valency electron that the 
photo-currents are produced Whether this is the electron involved m Vanse- 
low and Sheppard’s expenments will be more apparent when they have 
pubhshed further data on the spectral sensitivity of the effect they have 
observed The data already pubhshed on this point by them* shows no 
sensitivity at wave-lengths beyond about X3650, which is nearly 1500 A U 
less than the range active photographically and over which we have observed 
photo-conductance On the other hand, their experiments clearly suggest 
that bromine is bberatc d, a fact whicli, if true, nec cssarily involves the removal 
of the valency electron, which in the lattice is associated with the bromine 
giving the bromide ion Probably fuither experiments by Sheppard and 
Vanselow will clear up this uncertainty 

Application to Photogiaphic Theonj 

The conclusions which have been reac hed above may have a very important 
bearing on the theory of the formation of the latent photographic image, and 
in connection with this we will consider certain loiulusions which our experi- 
ments indicate - 

(1) The dark condiutance of silver bromule is ionic, is earned by certain 
silver ions, and decreases to about one hundred thousandth part of 
its value at room temperatures at the temperature of liquid air This 
decrease may be due to a change in the numbt r of silver ions free, or to 
a change of mobihtv, or both 

(2) The photo-conductance is probably largely, if not entirely, electronic 
If any part of it is lomc, that part is presumably earned by the same 
land of silver ion as that which carries the dark current , also, if the 
rapid falhng off m ionic dark conductance is largely due to changing 
mobihty, then the ionic part (if an\ ) of the photo-conductance will also 
decrease rapidly with temperature 

These facts bear directly on any theory of latent image formation which 
depends on the production of elementary electric currents in the silver bromide 
crystal. Such a theory has been proposed by A P H Tnvellif of the Kodak 
Research Laboratories It is probable that the silver bromide grains of 
certain photographic emulsions contain traces of silver and silver sulphide 
Tnvelh supposes that these substances form the electrodes of an ehraentary 
* ■ Phot J vol 68, p 407 (1928) 
t J hianklin Inst vol 204, p 649 (1927) 
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voltaic cell of the type Ag | AgBr j AgjS having silver bromide as the electrolyte, 
th( external circuit being completed by contact between the silver and silver 
sulphide The developabihty of the gram is assumed to depend on the existence 
of a “ speck ” of metalhc silver large enough to act as a reduction centre for 
development Such a centre is supposed to be formed by growth of the 
original small silver particle (which acts as one of the electrodes) due to the 
deposition of more silver from the electrolyte, the silver sulphide electrode or 
anode thus losing silver to the profit of the silver electrode or kathode 

The hght action is supposed to facihtate the accumulation of additional 
silver on the silver speck in two ways, firstly bv increasing the conduction of 
the silver bromide electrolyte and also by increasing the potential of the cell, so 
that the silver electrode speck grows more rapidly in the light than in the dark 
Such a theory is very difficult to accept in the light of our experimental 
results, for the reasons which we now give 
A fraction of a second is a normal hght exposure in order to make developable 
a photographic emubion which, in the dark, will probably remain without a 
developable image for several years On Trivelh’s theory this would imply 
that the rate of growth m size of the silver speck, or the magnitude of the 
electrolytic current to which the growth is due, must be hundreds of miUions 
of times greater in the hght than in the dark This increase on illumination 
m the rate of transport of silver ions would, on Tnvelli’s theory , have to be 
accounted for either by an enormous increase in the voltage of the cell or by a 
correspondmg increase in the electrolytic conduction of the electrolyte, % e , 
the silver bromide The former alternative is almost inconceivable and the 
latter appears very improbable in the hght of our experiments, smee it is 
doubtful whether the ionic conduction is increased at all by the hght 
There is also the effect of varying temperature to be considered It has 
abeady been shown that %f any part of the photo current were lomc, it would 
probably decrease rapidly with decrease of temperature (on the assumption 
that an appreciable part of the hundred-thousand-fold decrease of dark con- 
ductance IS due to changmg mobihty) to a value gt —180° C , which was only 
a small fraction of its value at room temperatures Quite apart from any 
decrease in the efficiency of the secondary chemical processes at low temperature 
and considering only the primary process, we should therefore expect, on the 
idea of an ionic part of the photo-conductance being responsible for latent 
image formation, that the sensitivity of a photographic emulsion would be 
very much less at —180° C than at ordinary temperature This is contrary 
to the facts, for at the temperature of boilmg hquid oxygen the sensitivity of 
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a photographic plate is still some considerable fraction of its sensitivity at 
room temperature 

We are thus led to the conclusion that the formation of the latent photo- 
graphic image probably does not depend on the transport of silver by elementary 
electrolytic currents Rather does it appear to us that in the primary photo- 
graphic process wi are concerned with stationary silver and bromide ions, 
and that in the light some of the bromide ions momentarily become free 
atomic bromine and as such tan readily react with othei atoms, or molecules, 
such as tlioM' in the surrounding gelatin, thus producing a permanent change 
with metallic silver as one of the resulting products 

In conclusion, we wish to express our thanks to Dr T Slater Price, F R S , 
Director of The British Photographic Research Association, for his interest 
and advice throughout this research and to Prof A W Porter, FR S , for 
many helpful suggestions at all stages of the work We are also indebted to 
our colleague. Dr S 0 Rawling, for much useful critic ism 
Summary 

Existing experimental evidence indicates that in the formation of the 
latent photographic image, and m tin photo conductance phenomena in the 
silver halides, and in the direct decomposition of the silver halides by hght, 
the primary light action is the release of valency electrons from the bromide 
ions For a complete understanding of the process of formation of the latent 
image a study of the photo conductance phenomi na is therefore of importance 
Experiments are described in whicli these phenomena ha\e been investigated 
in silver bromide, under different vonditions of crystallisation and over a 
temperature range from room tempciatures to —180'“ C 

It 18 shown that provided the silver bromide is exposed in such a way that 
no permanent decomposition can take place, the photo-current vi r\ probably 
commences to flow at the instant of illumination, and within about U 07 second 
rises to a constant fanal value which is strictly proportional to the light intensity 

The results of varying the conditions of crystallisation and the temperature 
indicate that in all probability the photo current is electronic This suggests 
that latent image formation is not due primarily to elementary electrolytic 
photo-currents in the silver bromide crystals Rather does it seem that in 
the hght some of the bromide ions are momentarily' changed into free bromine 
atoms, which are not present in the dark and which react w ith other atoms or 
molecules, such as those in the surrounding gelatin A permanent change 
thus takes place, metallic silver being one of the resulting products 
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The Absorption Band Spectrum of Chlorine- II 
By A Elliott, B Sc , Fellow of the Rockefeller Foundation, Physical Institute 
of the University of Utrecht 

(Communicated by 0 W Richardson, F R S — Received February 28, 1930 ) 
Inirodtictum 

As the results of measurements and analysis of the absorption bands of 
chlorine, commumcated in a previous paper,* seemed to justify further work 
on the same problem, particularly with regard to mtensity measurements, 
these bands have been further investigated and the results form the subject 
of this paper 

In the pubhcation referred to, the analysis of three bands due to Clj^Clss 
was described, and the discovery of the corresponding isotope band ClssClsr 
m the case of one of them enabled the absolute numbermg for the vibrational 
quantum number in the upper electromc level to be determined, if one assumed 
that the vibrational quantum numbers for the lower level were known 

Throughout, we shall use the notation given by Birge,t m which the vibration 
quantum number, which is mtegral, is denoted by v, with v — 0 for the lowest 
existmg state Since in formulae for the vibrational isotope effect it is always 
the parameter « + J which appears, the symbol n is used m place of J 
in these formulae For zero vibration, therefore, n = 0, and for the lowest 
existmg state n — J As m the older notation, the molecular constants for 
the lowest existing state are denoted by the subsenpt 0, e g , wq, Bq, etc The 
constants in the case of zero vibration are denoted by the subscript e 

The three bands referred to above were designated the 2 -»• 17, 2 ->• 18 and 
2 19 bands, but as Burge (loc cit ) has shown from the writer’s new data, 

this IS certainly wrong, and the correct v” v' numbering is l->-ll, 1 12, 
and 1 -> 13, This will be dealt with later in the section on the isotope effect, 
but IS introduced now m order that the corrected numbering may be employed 
throughout 

* ‘ Roy Soc Proc A, vol 123, p. 629 (1929) 

1 1 am mformed by Prof Birge that his paper on the isotope effect will not be 
published for some time, and he has asked me to state that, as there are objeotions to 
the use of n, it is proposed to employ it in place of it 1 am greatly obliged to him for 
placing the results of his calculations at my disposal, and take this opportunity of 
expressmg my thanks for his kindness 



Absorption Band Spectrum of Chlorine. 639 

The new bands measured belong to the third progression, and are due to the 
transitions (corrected numbering) 2 >6, 2 7, 2-8, and 2 <• 12 These 

bands are to be attributed to the molecule C1%C1,5 In the case of the 2 - 6 
and 2 -*■12 bands, the weaker bands due to Cl 3 ,Cl 37 have been found and 
measured In no case has it b<>en possible to identify the very weak bands 
which may be expected from the molecule ritjClir 

Espenmt tUal 

Since the new bands belong to a higher progression (higher v") than the ones 
first desenbe-d, the}' are consiilerably weaker (at least at room temperature, 
which has been employed in these t xperiments), and it has been found necessary 
to use longer tubes of chlorine in order to get a satisfactory absorption Two 
tubes each of 150 cm length and 5 cm diameter were hlled with chlorme at 
a pressure of ^ atmosphere Light from a carbon arc was made to pass throe 
times through each tube by an arrangement of plane and concave mirrors 
The glass surface of a plane mirror was cementc d to one end of each tube and 
an aperture 12 mm X 3 mm was scraped from the silvering of each minor 
Plate glass was cemented to the other ends of the tubes, pitien ” being 
employed for this purpose Since the ends were ground only a very small 
surface of “ picien ” was exposed to the chlorine, and the danger of contamina- 
tion from this source was very small 

The light from the arc was focussed hist on the apeiture of the mirror of the 
first tube , after traversing the latter, it was reflected bj a concave mirror 
back through the tube, to be reflected again by the plane mirror and bremght 
to a focus immediately m front of the concave mirror, having then traversed 
the tube three times Small plane mirrors served to direct the light on to the 
aperture in the minor of the second tiilic, through wluch it passed in similar 
fashion and was finally focussc'd on the spectrograph slit by a lens The total 
length of the hght path in the chlorine was 9 metres 

The chlorine was procured from a cjlinder washed and dried m the same 
way as in the first experiments 

The 6-metre grating of the Utrecht Institute was emplo\ecl, and the new 
bands were observed in the first order, with a dispersion of 2 5 A U per nulh' 
metre, with which the exjxisure times were about 2^ hours In order to take 
exposures in the second order, very much longer exposures w'ould have been 
necessary, and comparison with the second order plates taken m the first 
investigation, using a grating of nearly the same dispersion, showed that bttle 
resolution was lost by using the first order 

VOL oxxvn — A 2 T 



640 


A. Elhott 


The measurements of frequencies were made from iron arc standards m the 
same way as in the first experiments, and the same measuring micrometer was 
employed On account of the smaller dispersion, the errors of measurement 
are greater in the present measurements, but are probably not greater than 
0 07 cm In addition to the error of measurement, however, the position 
of a line may be in error on account of its being overlaid by neighbouring hnes 
The frequencies and intensities of the band lines are given in Table I, in which 
integral values for j are used, since the form E = + 1) is used for the 

rotation term in the present work 


Table I — Frequencies and Intensities in Chlorme Band Lines 
Band 2-* 6 

CI3.CI35 ClssC’la; 
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Table I — (continued) 
Band { 2 -*- 7)86-86 


1 

P branch 

K branch 

V vac (cm ->) 

Int 

v vac (cm -*) | 

Int 

17 

18041 11 

0 0060 



18 

37 18 

0 0044 



19 

33 27 

0 0056 



20 

28 96 

0 0023 

18040 65 

0 0037 

21 

24 64 

0 0062 

36 73 

0 0058 

22 

20 00 

0 0047 

32 73 

0 0036 

23 

15 14 

0 0046 

28 37 

0 0046 

24 

10 14 

0 0019 

23 92 

0 0064 

25 

04 00 

0 0040 

19 27 

0 0054 

20 

17999 43 

0 0037 

14 40 

0 0068 

27 



09 28 

0 0047 

28 



04 06 

1 0 0028 

29 



17998 61 

0 0061 


Band (2->-8),,_j8 


14 

IB 

16 

17 

18 


V vac (cm -') 


1822'5 36 
22 01 
18 SI 
14 79 
10 85 


10 

20 

21 

22 

23 


24 

20 


27 

28 

20 

30 

31 


00 80 
02 19 
18197 01 
92 82 
87 82 
82 71 
77 19 
71 16 
05 53 
59 68 


0 0105 
0 01)1 
0 0098 
0 0183 
0 0113 
0 0149 
0 0124 
0 0108 
0 0004 
0 0205 
0 0060 
0 0097 
0 0064 
0 0125 
0 0087 


V vac (cm -*) 


18224 29 
20 92 
17 37 
13 35 
09 00 
06 37 
00 74 
18196 12 
91 11 
86 17 
80 86 
75 42 
69 76 
03 78 
57 65 


Int 


0 0140 
0 0108 
0 0160 
0 0160 
0 0140 
0 0108 
0 0119 
0 0100 
0 0097 
0 0061 
0 18)93 
0 0091 
0 0087 
0 0077 
0 0100 
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Table I — (oontmued) 

Band 2 -> 12 

ClssCljB CllsClsT 


Jr 

2a 

r vac (om -*). 

Int j. 

Jk 

V vac (cm ->) 

Int 

4 

6 

18836 07 

Too oon 

7 

9 

18820 33 

Too con 

5 

7 

36 64 

fused for 

8 

10 

27 31 

fused for 

6 

8 

33 77 


9 

11 

24 82 

iDpaaure 

7 

6 

31 07 


10 

12 

22 46 


8 

10 

29 84 


11 

13 

19 61 

0 0236 

9 

11 

27 40 

0 0260 

12 

14 

16 66 

0 0162 

10 

12 

24 80 

0 0263 

13 

16 

13 31 

0 0269 

11 

13 

22 03 

0 0208 

14 

16 

09 96 

0 0148 

12 

14 

18 03 

0 0162 

16 

17 

06 28 

0 0096 

13 

16 

16 61 

0 0246 

16 

18 

02 43 

0 0101 

14 

16 

12 04 

0 0170 ' 

17 

10 

18708 27 

0 0186 

16 

17 

08 18 

0 0216 

18 

20 

93 66 

0 0178 

16 

18 

04 18 

0 0200 

19 

21 

89 18 

0 0286 

17 

19 

18700 01 

0 0241 

20 

22 

84 46 

0 0146 

18 

20 

06 31 

0 0264 

21 

23 

79 11 

0 0172 

It) 

21 

90 87 

0 0240 

22 

24 

74 01 ' 

0 0218 

20 

22 

86 64 

0 0200 

23 

26 

68 30 

0 0268 

21 

23 

80 29 

0 0314 

24 

26 

63 12 

Overiud 

22 

24 

74 80 

0 0164 

26 ; 

27 

66 87 

by lines 

23 

26 

69 19 

0 0308 

26 

28 

60 63 

of 

24 

26 

63 16 

0 0346 


20 

43 89 

( 1„C1m. 

26 

27 

66 80 

0 0337 

28 1 

30 

37 44 


26 

28 

60 61 

0 0338 

20 

31 

30 62 

0 0166 

27 

29 

43 88 

0 0396 

30 

32 

23 15 

0 0126 

28 

30 

37 06 

0 0231 





20 

31 

29 78 

0 0237 





30 

32 

22 41 

0 0205 






Analytiis 

As before, only P and R branches are found, and from these, term differences 
for the upper and lower states ( AF' and AF", respectively) are found, and are 
given m Tables II and III for the CljjClsj molecules, and m Table IV for ClssCljv 
In the case of ClsjClss the term differences for the upper state agree for the 
bands 1 12 and 2 ->■ 12, and for the lower state agreement is found for the 

bands 2->6, 2-*- 7, 2-*8 and 2 -»■ 12 This confirms simultaneously Kuhn’s 
and Nakamura’s* vibrational analysis, and the present rotational analysis 


• Kuhn, ‘ Z Physik,’ vol 30, p. 77 (1026) , Nakamura. ‘ Mem ColL Sou Imp Univ 
Kyoto,’ A, vol 0, p 31« (1026) 
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Table II — Combination DifferonopR for the Normal State (CluCljs) 


R0-1)-P0 + 1) = 2AF" 0) 



I 


20 06 
21 60 
22 69 
21 47 
24 49 


17 02 

18 73 

19 72 

20 73 

21 78 

22 00 
23 W 


20 42 

21 18 
22 .18 


VvoniKi 


17 M I 0 4767 

18 07 ' 0 4787 

19 07 0 4798 

20 57 0 4784 

21 no 0 4800 

22 49 0 4786 

21 40 0 4788 

24 ->9 0 4822 

26 4-. 0 4802 

20 14 0 4789 


•Averftnc j 0 4790 


• From BtronK lines 
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Table III —Combination Differences for the Excited State (ClseCIu) 
R0)-P0) = 2AF'0) 


1 

2 

-ve 

2 

->7 

2 

-♦8 

2-+12 

2JF'0) 


24F'0) 


2ilF'0) 




6 







3 20 

0 2462 

7 







3 67 

0 2380 

8 







3 93 

0 2312 

e 







4 07 

0 2406 

10 

6 05 

0 2881 





4 00 

0 2367 

11 

6 70 

0 2013 





6 87 

0 2336 

12 

7 07 

0 2828 





6 06 

0 2384 

13 

7 60 

0 2848 





6 62 

0 2416 

14 

8 28 

0 2866 





6 80 

0 2376 

10 

8 01 

0 2874 





7 33 

0 2866 

16 

0 42 

0 2866 





7 86 

0 2382 

17 

9 06 

0 2846 



0 60 

0 2714 

8 27 

0 2363 

18 

10 62 

0 2843 



10 07 

0 2722 

8 87 

0 2397 

10 

11 29 

0 2806 



10 71 

0 2746 

0 34 

0 2396 

20 

11 70 

0 2876 

11 70 

0 2864 

11 36 

0 2771 

0 77 

0 2383 

21 

12 40 

0 2806 

12 00 

0 2812 

11 06 

0 2779 

10 28 

0 2391 

22 

12 84 

0 2863 

12 73 

0 2820 

12 66 

0 2789 

10 66 

0 2367 

23 

13 61 

0 2874 

13 23 

0 2816 

12 02 

0 2749 

11 10 

0 2362 

24 

14 00 

0 2867 

13 78 

0 2812 

13 41 

0 2737 

11 73 

0 2394 

26 

14 67 

0 2876 

14 37 

0 2818 

13 02 

0 2720 

12 30 

0 2412 

26 

16 26 

0 2877 

14 97 

0 2826 

16 01 

0 2732 

12 66 

0 2387 

27 

16 86 

0 2884 



16 33 

0 2787 

13 01 

0 2366 

28 

16 60 

0 2896 



16 74 

0 2761 

13 46 

0 2360 

29 

16 97 

0 2876 





14 10 

0 2390 

30 

17 63 

0 2874 





14 66 

0 2402 

31 

18 08 

0 2870 







32 

18 78 

0 2880 







33 

19 31 

0 2882 







34 

10 00 

0 2884 







35 

20 44 

0 2879 







36 

21 13 

0 2890 







37 

21 00 

0 2867 







38 

22 22 

0 2886 







30 

22 60 

0 2872 







•Average 

0 2874 


0 2816 


0 2760 

1 1 0 2382 


• From strong lines 


The isotopic bands 2 -> 6 and 2 12 also show agreement in the term differ- 

ences for the lower state, and comparison with the previous commumcation 
(Elliott, loc cU ) shows that the term differences for the upper state for 1 -► 12 
and 2 ->- 12 agree Ample confirmation of the correctness of the assignments of 
these new weaker bands to the isotopes is thus provided The rotation con- 
stants may be found in Table IX at the end of this paper They have been 
calculated in the same way as previously, and again terms in (j)* are found to 
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Table IV — Combination Biffcrencea for the Normal and Excited 
States (ClisClay) 



Normal state 


Excited state 


3 

2 

-*•6 

2- 

> 12 

2 

-►0 

2- 

->12 


2JF'0) 

^F"(2)/7 + i 

2JF'0) 

dF"0)'2fl 

2JF'0) 


2dF'0) 

dF(,)/j+i. 

9 







4 61 

0 2374 

lu 



9 72 

0 4629 



4 85 

0 2312 

11 



10 76 

0 4678 



6 21 

0 2265 

12 



11 31 

0 4604 



5 91 

0 2364 

13 



12 51 

0 4633 



6 30 

0 2333 

14 



13 33 

0 4597 



6 60 

0 2276 

16 



14 12 

0 4555 



7 03 

0 2268 

18 



16 04 

0 4558 



7 62 

0 2270 

17 



16 29 

0 4654 



8 01 

0 2289 

18 



17 10 

0 4622 

10 38 

0 2805 

8 77 

0 2370 

19 

18 10 

0 4641 

17 97 

0 4608 

10 93 

0 2803 

9 09 

0 2331 

20 

18 86 

0 4598 

19 16 

0 4673 

11 31 

0 2759 

9 20 

0 2244 

21 

19 94 

0 4637 

19 65 

0 4570 

11 86 

0 2758 

10 07 

0 2342 

22 

21 00 

0 4667 

20 79 

0 4620 

12 41 

0 2758 

10 46 

0 2322 

23 

21 67 

0 4611 

21 11 

0 4540 

1) 28 

0 2826 

10 72 

0 2281 

24 

22 68 

0 4620 

22 24 

\ 0 4539 

13 75 

O >806 

10 89 

0 2222 

26 

23 81 

0 4660 

23 48 

I 0 4604 

14 05 

' 0 2755 

11 52 

0 2269 

26 

24 55 

0 4632 

24 50 

0 4623 

14 67 

' 0 2768 

12 69 

0 2375 

27 

26 80 

0 4630 

25 08 

0 4669 

15 29 

0 2780 

12 08 

0 2360 

28 



26 25 

0 4605 

16 10 

0 2825 

13 09 

0 2206 

29 

27 68 

0 4692 

27 18 

0 4641 



13 27 

0 2249 

30 

28 60 

0 4089 



17 18 

0 2816 

14 29 

0 2843 

31 

29 37 

0 4662 



17 77 

0 2821 



J2 

30 23 

0 4651 







33 





18 05 

0 2784 



34 

32 19 

0 4665 



19 23 

0 2787 



35 

32 86 

0 4628 



20 OO 

0 2817 



36 





20 40 

0 2795 



\verage 

0 4647 


1 0 4611 


1 0 2702 


1 0 2307 


be too small to detect * The bands 2 -»■ 6 and 2 -*■ 1 2 have the same peculianty 
of structure as was observed m the 1 <■12 band, namely, superposed P and R 
branches, and this, of course, applies to the mam band and to the isotope 
It results m a great simplification of structure as well as an increase in intensity, 
and it 18 doubtless for this reason that the isotopio bands have here been 
detected In the case of bands m which the two branches are separated, the 
complexity is so great that the isotopic bands cannot be identified 

* The diSerenoes m B for the strong and weak lines previously reported has not been 
confirmed in the present work Only small, non systematic differences ate found ; 
{wesnmably the fact that slightly latger B values were found for the 1 -* 11, 1 12 and 

1 13 bands from the strong Imes was accidental 
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The VxhratKmal laoUypc Effect 

A knowledgo of the rotation constants of a band enables the frequency of 
the origin to be calculated from the frequencies of the band lines with con 
siderablc precision, and this has been done for all the chlorine bauds which 
have been analysed , the origin frequencies are given m Table VI, along with 
the vibrational isotopic separations which are given directly by the differences 
m ongm frequencies of the isotopic and mam bands In accordance with the 
usual practice, the separation or shift is given as v* — v, where the superscript 
» denotes the less abundant molecule, m this case (-'IsjiflsT 

Smee isotope shifts for (bfferent lalues of both v' and v" are known, it is 
possible to hnd the correct numbering for both levels from the observed shifts 
This has been done by Birge {loc cU ), using a method which has been given 
by Gibson,* and there can be no doubt that Kuhn’s conclusion (Kuhn, Joe 
etl ) that the progression in wliich v” — 0 does not occur but is replaced bv 
continuous absorption, is wrong f The lalculated isotopii shifts for the new 
numbering are given in Table V 

Consequent upon the change in the v" v' numbiring, a levisiou of the vibra 
tion < onstants for the lowest state becomes necessary, and this will be dealt 
with later A further consequence is that the value for the heat of dissociation 
of the normal chlorine molecule given by Kuhn (loc cii ) must be reduced by 
one quantum of vibration The heat of dissociation is then given simplv bv 
I) =. V, - (i*l>3 - 2*Pi) 
where v,, is the fiequeiicy of the convergence point 

Taking Kuhn’s hgures for the quantities on the right-hand side of this 
equation, 1) becomes 50 9 C This value agrees better with the chemically 
determined value 57 00 C than did Kuhn’s original result (58 5 C ) 

Molecular Conslanh of ClsjCl^^ 

(a) Rotation ('omtants The .otation constants of Cl-i^Cls,, are now known 
for two vibration states (e" — 1 and 2) for the normal electronic level, and 
for six states (n' — 6, 7, 8, 11, 12 and 1.1) in the case of the excited level (Table 
IX) If wc assume a bnear relation between B„" and c" for the normal level. 

♦ ‘ / Phjsik,’ vol CO, p 6»2 (1028) 

t Note added tn proof — Dr Kuhn has informed me that, after hearing about the new 
results on isotopes in Clj, he has repeated his temperature experiment The new 
expeiiment mdieates that the observed absorption senes converging to a limit, arises 
from the lowest level \ " — 0 The earlier result V" I was due to an error 
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a aioipie extrapolation through I unit of v” leads to the value of B," for the 
lowest possible state (Bq") and since the extrapolation is through such a short 
distance, the values so obtained must be fairly reliable 

For the excited state the B„' values have been plotted against v' in hg 1, 
and a marked divergtnce from hiiejintv is to lie observed The values for 



r' ~ 1 1 , 1 2 and 1 1 are fairly linear, as an those for r' = 07 and 8 but the two 
linear portions have (piite different slopes It would perhaps be possible to 
draw a smooth curve through all the points, but it would show a very quick 
change of slope and the impression is veiv strong that wi havi here to deal 
Avith two more or less hnear curves, with something verj like a discontiniutj 
at the point v' — It is to be regretted that more points on the curve are 
not available, especially in the direition of decreasing v', but the bands in 
which v' 18 lower than 6 are exceedingly weak and their analysis has hitherto 
proved impossible Assuming that a linear extrapolation holds the value of 
IS given in Table IX but this must be taken as the uppi i limit to this 
quantity 

The fact that an abrupt change of slope, or discontinuity, occurs in the 
B' — v' curve is very striking, and suggests at once that here we maj have fc 
connection with the point of discontinuity in to,' — v' curves which Birge* 
' • • Trans Faraday Soc ,’ vol 26, p 707 (1929) 
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hae found m certain molecules, including the halogens This will be discussed 
in the section on vibration constants which follows 
For the molecule ClsjCls? the rotation constants are now determined for 
v" = 1 and 2 for the normal state, and for «' = 6 and 12 for the excited state 
These, along with the observed and calculated ratios Bm_ 8 ,/B 85_37 are also 
given m Table IX The calculated value of this ratio is obtained as follows — 
For the mam molecule we have 

B. = Bo-av 

For the isotope, the appropnate factor is p* for Bq and p® for a 
Hence 

B‘, = p»(B, + ««(l -p) 

and 

B,/B,‘ = Bj(B, + a«(l-p)) 

It may be seen from the calculated values of this ratio that the influence of 
the term av (1 — p) is neghgible for values of v lower than 6 Except m the 
result for v' = 12, the observed and calculated values are in very good agret - 
meat, and m that case the difference is 1 7 per cent 
(6) Vibration Constants — The measurements of band heads and tlu analyses 
carried out by Kuhn and by Nakamura {loc cit ) permit the calculation of the 
frequencies of vibration of the nuclei (oi,), and Kuhn gives a list of these 
frequencies from his own data Hitherto, however, the correct vibiational 
numbermg has been uncertain, and the determination of the fundamental 
frequencies Wg' and Wg" (that is, the nuclear vibration frequencies in the 
lowest existmg states) has in consequence also been in doubt Since reliable 
deterrmnations of the absolute values of v' and v" have now been made, and 
since also more accurate data for some of the band origins is available, a 
discussion of the vibrational constants seems to be useful at this stage 
The measurements of Nakamura were made with an instrument of higher 
dispersion than were those of Kuhn, but are not necessarily more accurate 
on this account, since high dispersion makes it difficult to observe the heads 
In fact, the figures of Nakamura do not give such a consistent — v" 
curve as those of Kuhn, though the to/ — v' curves of both agree fairly well 
Nakamura’s measurements are, however, more extensive and include values 
for the heads of bands which were not observed by the latter, due no doubt to 
the long absorption tubes used by the former The frequencies of the band 
heads are arranged in a vibrational scheme in Table V The analysis of the 
rotation structure has enabled the origins of seven bands to be calculated 
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(Table VI), and from these, four reliable values for and one for w," are 
obtained , these are given in Table VIII, and are probably accurate to ± 0 2 
cm Kuhn’s and Nakamura’s measurements are of the frequencies of the 
B-heads, and the writer’s measurements are of the band origins, but the 
difference on this account is small A simple calculation, using the known 
rotation constants, shows that the heads of the 2 6 and 2 -*■ 7 bands, for 

example, are situated at 0 36 and 0 34 cm from the origin The error m 
w, if one uses measurements of heads instead of origins is therefore 0 02 cm 
and IS quite negligible 

Table V -Ban<l Heads 


Frequencies from Nakamura’s measurements (/oc cit ), with vibrational 
assignments as m this paper 
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Table VI — Origm Frequencies and Isotope Separations 


Band 

Origin frequency 

tiotope separation 

Observed- 

ci«ci„ 1 

Cl„(’l„ ! 

1 

Observed 

1 Calculated | 

calculated 

L-11 

19M8 0 

cm-* 

om-‘ 

oin- i 

cm- 

1 -> 12 

1 — la 

19389 0 
19509 2 

19379 4 

-9 8 

-9 98 

-0 38 

2 e 

2-*. 7 

2 8 

17890 0 
18076 1 
18250 4 

17892 5 

-1 6 

1 

-1 74 

-0 14 

1 

2 -V 12 

18840 2 

18837 6 

j -2 6 

-2 tlH 

j -0 08 


The available data from all three sources has been combined, the greatest 
weight being given to the measurements of origin frequencies The ca, values 
for the excited state are plotted against v' in fag 2 The points of this curve 
show a very large spreadmg, though this is not so great in the case of Kuhn’s 
results for high values of v' 

The determination of the exact form of the to, — v' curve is very imcertaui 
III view of the spreading of the points, but it is evidently of the non-hncar t3rpe, 
and seems to be of the form which Birge {loc at ) has found to be general for 
uon-hncAr types Over the portion for which determmations of to, from band 
origins are available, the curve is linear to a high degree 
It has been examined by plotting AE, {= 5E,/Sio,) against to,, and this 
curve, which is reproduced in fag 2, gives fairly clear evidence of the break 
which Birge (loc at ) has found in such curves for the excited state of molecules 
such as 0, and the halogens In Clj the break occurs at a point where to, 
has the value 136 cm corresponding to «' = 11 Unfortunately, the values 
of to, do not permit of the determination of this position within less than 
about ± 2 umts of v' 

The discontinuity or at least abrupt change of slope in the B,' — v' curve 
occurs at v' = 8^, or perhaps 9 In view of the uncertmnty of the position of 
the break in the AE„ — to, curve, it appears quite possible that the pomt of 
discontinuity occurs at the same value of »' in the two cases, and that they arc 
both evidences of the same change in structure of the molecule The point 
v' — 9 corresponds to (very approximately) 69 per cent dissociation 
Smee the to, — v' curve is Imear over the range for which the ongm fre- 
quencies have been determined, these latter can be fatted to a Kratzer formula 
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quite accurately, using the vibration constants in Table VIII The following 
formula hts the data satisfactorily 

V == 17657 7 - (255 7«' - 5 42«'a) — (560 9«" - 4 Ov"*) 

The first term m the expression for the ongin frequency is, of course, the 
frequency of the 0 — 0 band, assuming that a hnear extrapolation to i;' == 0 
18 permissible The mean value of the ‘ observed-calculated ” values for the 
seven bands measured is 0 26 cm 

ItUensUy Measuretnents 

Smce the CSaiClss bands show alternating intensities, the deternounation of 
the ralao of strong to weak hnes in this spectrum is a matter of considerable 
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mterest, aa it leads to the evaluatiou of the nuclear spin A tentative value 
of this ratio has already been given* but it was highly desirable to obtain more 
measurements, and intensity measurements have been carried with this point 
in view 

The relative abundance of the isotopes can, in some cases at least, be deter- 
mmed from band spectrum intensities, but in the present case it is subject to 
considerable uncertainty As has been pointed out by Giauque and Johnston,! 
it 18 possible that the absorption coefficient of a non-symmetncal molecule 
may be greater than that of a symmetncal molecule, which is similar m other 
respects , m considenng the abundance of ClsjClgs relative to that of Cls'',Cls7 
from intensity measurements, we must keep this possibility in mind The 
present results, when compared with Aston’s figure for the relative abundance 
of Clgo and Clj?, show that such an effect may be present here, though 
the accuracy of measurement does not admit of certainty on this point 

With regard to the question of the absence of alternating intensities in the 
non-symmetncal molecule ClsoClg;, not much new evidence is provided, since 
the intensities in one of the isotope bands (2->- 12) are very much disturbed by 
overlying lines, and m the other (‘2 ->-6) the strong lines (odd 7 numbering) of 
one branch are superposed on the weak lines (even j numbering) of the other 
for both mam and isotope bands, and no alternation of intensity results The 
results of the first communication were fairly conclusive on this point, however, 
and the effect has also been found in the band spectrum of oxygen J 


The intensity of an absorption hne 


measured by the value of 


a,^v 


where a, is the absorption coefficient for the frequency v in the usual absorption 
formula I = and the deternunation of the absolute intensities would 

involve the integration of a,, over the whole breadth of the line, for every Ime 
Smce the determination of the absolute intensities was not the chief object of 
this work, the integration has not been carried out for these lines, and only the 
maximum value of a„ le , the coefficient of absorption for the centre of the 
line, has been determined 

If all the hnes measured were of the same shape, then it is clear that the 
ratio of intensities of two lines 1 and 2 would be given equally well by the ratio 

ix^^dw or bv a /a and no error could be introduced 




• Elliott, loc cU 

t ‘ Nature,’ vok 123, p 831 (1929) 

J Giauque and Johnston, ‘ J Amer Chem 80 c Tol 61, p 1436 (1929) , also Babcock, 
Pmc Nat. Acad Sci vol 15, p 471 (1929) 
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"by emplo 3 aiig the latter There is no reason for thinking that the shape of single 
band hues will alter, at least within one band, and the different shapes of the 
lines which appear on the photometer curves must be chiefly due to blending 
with other hnes Now the integrated absorption coefficient would be at least 
as much in error as the central absorption coefficients on this account, and might 
conceivably be even more disturbed than the latter, which has consequently 
been employed as a measure of the intensity 

In all the intensity measurements, the usual method employed at Utrecht* 
has been employed, and from the photographic densities (measured from the 
microphotometer record) the corresponding intensities were found from a 
cahbiation curve The latter was obtained from a plate developed simul- 
taneously with the chlorine plate, on which spectra of a tungsten lamp were 
photographed , the intensity of these spectra was varied in a known manner 
by means of “ step reducers,’ and the densities corresponding to these intensi- 
ties (at the required wa\e length) were measured From these, a density- 
mtensity curve was drawn, one for each band This was desirable since the 
form of the cahbration curve alters somewhat with wave length, though within 
one band it was sufficiently constant The absorption coefficients a for the 
centres of the lines were calculated as in the former work, and are given under 
the heading “ Int ” m Table I 

In all absorption measurements, the finite resolution of the spectrograph 
and the width of the slit cause the absorption lines to appear less deep than 
they are in reality So far as relative measurements are concerned, this 
would not matter if all the hnes were of the same shape, but the hnes as 
actually observed differ somewhat m this respect 

To determine the correction for each line would ha\e necessitated very 
great labour, but the influence on the intensity relations could be investigated 
as follows The band 1 >-12 (whuh on account of its strength could lie 
observed with a single tube and consequently did not require very long 
exposures) was photographed m the first order with the slit width employed 
throughout this work (namely 0 02 mm ) and also with a sht width 0 04 mm , 
and in the second order yyith slits of 0 03 and 0 04 mm The intensities of 
seven of the narrowest hnes were then measured from these four plates 
Although the absolute mtensities vaned considerably, the values of the 
mtensity ratio for strong and Weak hnes only differed from the mean by 
— 4 5 per cent , 0 per cent , — 2 per cent , and 1 per cent for the sht widths 

* Omstein, ‘Proo Phys Soo ,’ vol 37, p 334 (1925), also Balv, “ Spectrooaopy 
▼oL 3, p 166 
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0 04 mm (first order), 0 02 mm (second order), 0 04 mm (second order), 
and 0 03 mm (second order) These results indicate that the true ratio may 
perhaps be somewhat larger than the measured one, but it is also possible that 
the differences are accidental Since the hues on which these test measure 
ments were made are narrower than most of the lines whose intensities have 
lieen measured, the effect (if real) will m general be smaller than that above 
and has been neglected in the final result for the intensity ratio 

The differences in the absolute absorption coeflScients are irregular and mutli 
greater, being even as large as 100 per cent This is not in the direction which 
would be expected if it were due to the finite resolution of the spectroscope 
and 18 probably due to developer effects, which arc known to occur when there 
18 a steep density gradient on a photographic plate, as m narrow absorption 
lines The figures under the column ‘ Int ” in Table I therefore only give a 
rough estimate of the absolute value of the central absorption coefficient 

AUernating Intensity Ratio 

The average value of the intensity of the lines in one branch having odd j 
values (t e , the strong hnes) has been compared with that of the even j lines 
m the same branch, for the bands 1 -► 1 1 , 1 12, 1 -*• 1 3, 2 ->• 7, 2 -> 8, and 2 ->• 12 
This IS equivalent to finding the ratio of intensity of a strong line to that of 
the mean of the two adjacent weak hnes , since the intensity of the chlorine 
band hnes does not vary very rapidly with j, this procedure does not introduce 
any appreciable error The results are given m Table VII The mean of the 
ratio for the P and R branches for each band is fairly consistent A weighted 
mean value for all the bands has been taken, in which the value for each band 
has been weighted according to its closeness 4o the arithmetic mean This 
final value for the ratio of the alternating intensities (1 36 1), has been 


Table VII — Intensity Ratios 

(a) Alternating intensities (ratio of intensity of strong to weak hnes in CIssCIm). 


Band 

F branob j 

R branch | 

Mean 

i-»n 

W8 i 

1 1 22 

1 25 

1-*12 

1 40 (superposed P and R) 1 

1 40 

1->13 

I 43 1 

1 1 34 

1 38 

2-> 7 

1 40 

1 21 

1 35 

8 

1 62 

1 18 1 

1 40 

2-* 12 

[ 1 34 (superp|oae<i P and R) 

1 34 


I 

1 Welghtad mean 

1 36 
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Table VII — (continued) 

(6) leotopea (ratio of intensity of ClssClgo to CImCIst) 
Band 1 Ratio 


l->-12 1 3C 

1- > 6 1 28 

2- > 12 I 42 



derived from moic than 170 bnes, and may therefore be considered fairly 
reliable , the mean error calculated from the divergence of the individual 
values for each band from the mean is 0 067 

By takmg an average over a very large number of hnes in tlus way, ono can 
to a considerable extent get nd of the errors due to blending, t e , to the fact 
that a number of lines are overlaid by other lines But even if a sufficient 
number of hncs has been taken to ensure that, on the average, the same 
intensity of overlying hnes has been added to both strong and weak hnes, the 
measured ratio of these latter will still be in error, and will be smaller than the 
true ratio by an unknown amount Consequently the hgure 1 36 must be 
regarded as a lower limit It appears probable that the true ratio is not 
greatly in excess of this, since even if the average intensity of the overlying 
hnes amounted to 20 per cent of the intensity of the weaker lines, the ratio 
would then only be raised to I 46, and this estimate of the intensity of the over- 
lymg hnes is probably too high In view of these considerations, it is probable 
that the true ratio is very close to 1 4 I, which is the theoictical one corre 
spondmg to a nuclear spin of 6/2, and the latter is therefore taken as the most 
probable value for this quantity The fact that an odd number of uruts of 
spm is found is in agreement with the fact that CI35CI3S has an odd number of 
nuclear particles (18 + 36) 

HeUUtve Abundance of holopes 

In the first results pubhshed on Clg, an estimate of the relative abundance 
of the molecules ClssCljs and CUrCIw was made from tlueo hues in the 1 > 12 
band, and a ratio 1 76 1 was found It has si'emod better in the present work 
to compare as many lines as possible, and the intensities of ClajClss and 
G1 uC 1(7 have been compared by taking the average (over hnes havmg the same 
j values) for the bands 1 ->• 12, 2 ->• 6, and 2 > 12 (see Table VII) The mean 

VOL. oxxvu.— A. 2 u 
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value for the ratio (from 50 Lues) i8 1 45 1, but tlus is agam a lower limit 
The same assumption as to the intensity of the oveilymg bnea would raise the 
figure to 1 45 1, and this is still considerably below the value 1 67 calculated 
from Aston’s value for the isotope ratio On account of the much smaller 
number of hues from which the ratio has been derived, it is more open to doubt 
than the alternatmg intensity ratio, especially as in many cases the isotope 
hnes were imperfectly separated from other hues It is, however, possible 
that here we have evideuce of a greater absorption coelfaucut for the non- 
symmetrical molecule ClatCla?, but it is not conclusive 


Table VIII —Vibration Constants for ClasClsj 


Normal Ivvd 

e 1 

j <»t (em ■*) 

b 

1 Data amployad 

0 

U 

. 660 0 

m S 

40 

Extrapolated from roaulta ot Kubo, Nakamura, 
and thia paper 

w from ongina of bands calculated from 
rotational analyaii , b from lurve umiig above 
data 

KxciUxl levol 

0 

■1 

266 7 
1S5 2 
174 3 
131 0 
120 2 

6 42 

brum ongiiw nf bands (tbiis psiier] 


Table IX — Rotation Constants 
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Sutnntary 

(a) The rotation struoturc of four bands ossigiu-d to CljjClsa and of two 
assigned to l’ljjClj 7 has been analysed, and only P and U branches are found 

(b) The vibrational isotope shifts obs<*rved demand a revision of the vibra- 
tional (piantimi numbers for Inith the normal and txcitcil states The former is 
decreased by 1 , and the latter by 0, as compan d with the results of a previous 
commiinuation 

(() A pi < uharity in tin 11» — v cuivt for tin cxcitcil state, amounting piob 
ably to a discontinuity, is obscived , it is suggested that this is connected with 
a dihcoutmuity obsi'rved by Buge m curves for the vibrational constants of 
certain types of molecules 

{d) Tables of vibrational and rotational constants are given, and piobubli 
extrapolations for these constants are made for the lowest vibiatiunal stuti*, 
in lioth electronic lovcis 

(e) Intinsity measuiemcnts have boon uiiiud out on a laigi numbii of 
hues, and a low er limit for the alternating intensity ratio i db 1 found Prom 
a consideration of the sources of error, it is shown tlmt the ratio is probably 
not higher than 1 45 I The only thcori tically possible imcleui spin which 
gives a ratio between these limits ih 5/J, which is consequently taken as the 
unclear spin of Cljc 

(/) The abundance of (!laA'Ija relative to (’IsaC’lj? is cstnuated fiom intensity 
measuiements, and a lowci valui is found than would Im> expect* d from Aston’s 
latio of isotoiK's This may be due to iiiai curacies of miasuninent, but may 
also be csiused by a greater absorption (pet molecule) fur ClsjClj; than fur 
CU Clar. 

Finally, the author wishes to express his thanks to Prof L S Ornstem for 
the facihties and assistance afforded him at Ttrecht, to Prof W K Curtis for 
the us( of a measuring micrometer and calculating machine when he was in 
England, and to the Fellowship Committee of Armstrong College for a grant 
durmg the first part of his stay m Utrecht 
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The Scattering of Eledrona by Atoms. 

By N F Mott, Lecturer m Theoretical Physics, The University, Manchester 
(Communicated by W L Bragg, F K S — Received March 1930 ) 

Tlic scattering of a stream of charged particles by a spheru ally symmetrical 
electrostatic held was first investigated, from the point of view of the wave 
mechames, by Born * Various authors have developed his ideas and have 
apphed them to the scattering of electrons by atoms, which for the purpose 
have been treated simply as fields of force The purpose of the present note 
is to obtain formulso for the scattered intensity by methods similar to those 
used in calculating the scattermg of X-rays by an atom The formula) obtained 
have all been published elsewhere, either by the present author, or by others , 
it has, however, appeared worth while to pubhsh the present method of 
obtaining them, partly because the analysis is particularly simple, secondly 
because the results are expressed m a form easy to compare with those for 
X-rays, and thirdly because the method makes it clear under what conditions 
the approximations used will lead to a sufficiently accurate result 

Expenments on the scattering of streams of charged particles measure the 
“ scattered intensity ” , we shall first define just what we mean by this 
Bupposo we have a beam of particles of such intensity that one particle crosses 
unit arpA in unit tune Suppose that the beam fall on one soattermg centre— 
that 18 to say, on one atom, at a point O Suppose that a disc, of area R* do, 
be placed at a point P, distant R from O, and such that OF makes an angle 6 
with the original direction of motion of the particles The disc is to be normal 
to OP, so that it subtends a solid angle do at O Then if I»do> bo the number 
of particles stnkmg the disc per umt time, I# is what we call the scattered 
intensity 

The fundamental assumptions that wc make m dealing with the scattering 
are as follows A beam of particles, all with the same energy, behaves hke a 
beam of waves The rate of flow of particles is proportional to the square of 
the amphtude of the waves If the waves faU on a small region of space, in 
which there is an electrostatic field of force, they are scattered From the 
amplitude of the scattered wave we deduce the numlicr of electrons scattered 
in any direction Thus, if when a wave of umt amphtude falls on the centre 
of force, the wave scattered has amphtude R~^/(6) at distance R from the 
* Bom, ‘ Z Phyrik,’ voL 38, p 803 (1926) 
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centre and in a direction making an angle 6 with that of the incident beam, 
then 

I. = 1/(0)!* 

The law that determineji how these waves are scattered can be deduced 
from the wave equation AVe shall state it first and then prove it Each 
clement of volume drdydz in which there is any field scatters a spherical 
wavelet If V {xyz) be the potential energy that one of the particles would 
have in that clement of volume, then the amplitude of the scattereil wavelet 
at flistam e 11 from {ryz) is 

(xyz) ilzdy <h, 

times the amplitude of the wave at the point (ryz) If V is greater than zero, 
then the wavelet starts with the same phase as that of the whole wave at {jryz) , 
if V IS loss than zero it starts with opposite phase This law is evai t The 
amphtude of the resultant wave scattered by the whole region in which there 
IS any held is obtained by considering the interference of all these wavelets 
It will now be shown that this law is derivable from, and indeed equivalent 
to, the wave equation of Schrodinger Let tji be the wave function, a complex 
function, giving the amplitude and the phase of the wave at any point The 
nave equation is 

+ ( 1 ) 

E IS the energy of each particle m the stream that the wave is te describe 
m IS the mass of each particle Let us write 8rt*w E/A* — /*, so that 2jt/il is 
the wave-length of the waves Then (1) may be written 
(V* -j- A*) i|» = 87r*mV<};/A* 

Now it 18 a well-known result that if f {xyz) be a known function, then the most 
general solution of 

(V»-f A*)4»=/(rv2) 

IS 

<1, (xyz) -= G (xyz) + ^ jjj y' z') dx’dy'dz’ 

where G(cryz) is the general solution of 

(V*-fA*)G = 0 

Therefore, if is any solution of (1), then must satisfy the " integral equa- 
tion,” 

<1; (xyz) = G (xyz) + ^ V (x’ if z') iji (x’ if z') dx' dif dz' (2) 
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Now, let t|> be that solution of (1) whioh desonbes the scattenng, namely, that 
solution which consists of an incident wave and a scattered wave 

For large r, the integral on the right tends to 

where A depends on r/i r j only The integral therefore represents the scattereil 
wave Q must lie chosen to represent an incident wave , that is to say 

The form of the integral in (2) shows that the scattered wave is made up as 
we have stated, by the interference of wavelets si attered by each clement of 
volume, each with amplitude and phase given bj 

{iTzm/k*) V (xyz) 4/ (xi/z) dx dy dzj'R 

To ojileulate the scattered mtensity then, wo must consider the interference 
of the wavelets This will be particularly easy if the amplitude and phase of 
the waves inside the region in which there is any field are not very different 
from what they would be if the field were not there In other words, if tlie 
scattered wave, inside the atom, is negligible compareil to the incident wave 
The amplitude and phase of each scattered wavelet is thus known Bom's 
method of obtaimng approximate formulie for the scattering is equivalent to 
this assumption , he sets 



in the integral m (2), and evaluates it for large r However, we can obtain 
his results by a simpler method 

Wc use a formula that is familiar in X-ray analysis Suppose that a wave 
of wave length X falls on a sphericallv symmetrieal distribution of scattering 
medium Suppose that an element of volume dxdy dz at distance r from the 
centre scatters a wavekt of amplitude P (/) dx dy dz Then, so long os the 
amplitude and phase of the incident wave inside the medium arc not very much 
disturbed, the amplitude of the resultant sr attered wave at a great distance 
R, and in a direction making an angle 6 with the direction of the incident 
wave IS 

R->4» r 21IL!i!:p(r)r*rfr, (1) 

.'o (xr 

where 

|x=-47t Sinl6/X 

The formula is applied to the scattering of X-rays by an atom in the follow- 
ing way The atom is treated as though it were a spherically symmetrical 
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distribution of electric charge The charge density at distance r from the 
nucleus of the atom we denote by e] 4»(r)l* This density may be calculated 
by the methods of Thomas and of Hartree Now, according to a theory duo 
to J J Thomson, an element of charge dp should scatter a spherical wavelet 
of amplitude crfp/wic® times the ampbtude of the wave at that point 
If therefore a wave train of X-rays of unit amplitude fall on an atom, and if 
the amplitude and phase of the waves are not very miu h altered inside the 
atom* the n tlie amplitude of the total scattered wave is 



The curves F have been calculated for a groat many atoms It is noteworthy 
that F IS a function of sin ^d/X only 

The same formula c an be used to calculate the scattenug of particles by a 
field of force Suppose a wave of unit amplitude fall on the scattenng 
centri In this case every volume clemi nt of space in which there is any 
jiAd scatters a wavelet of amplitude 

The amplitude* of the resultant scattered wave will then be 
where 

/(0)=8^r«-lILJ£v{r)r^dr (5) 

h* Jo pr 

Note that V (r) is the potential energy of any one of the pai tides at distance 
r from the centre of the force p, ns before, denotes fir sin JO/X which m 
this case is ecpial to 

inmvih sin \ 0 

§ 2 Scattering of a beam of charged particles by an inverse square law centre 
of force 

The wave equation can be solved exactly,! so that the amplitude aiul phase 
of the scattered wave are known If a stream of particles, of mass m and 

* The aganmption is valid , for the scattered wave has amplitude of the order of magni 
tude R^*s*/»nc* times that of the uoident wave e’/mc* is the “ radius of the electron,” 
so inside the atom the amplitude of scattered wave is much smaller than that of the incident 
waves 

t Gordon ‘ Z Fhysik,’ voL 48, p 180 (1028) 
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charge c, fall on a point charge, of charge Q and infimte mass, then the amphtude 
of the scattered wave at unit distance is given by 

/(e) = tQ/2»i»« cosec* J0 (6) 

The scattered intensity is therefore 

Jo = («Q/2in«*)* cosec* J6, 

which IS Rutherford’s formula for the scattering of a stream of a particles by 
a heavy nucleus 

The formula (6) can also be obtained from equation (5) of the last section 
with V (r) equal to eQ/r However, it is seen at once that the integral in (5) 
does not converge, an expression of the form 

I Bin (ir di 
Jo 

being obtained This is because the assumption that (5) involves, that the 
amphtude and phase of the wave in the field is the same as it would be in the 
absence of the field, is not stnctly true , if the change m amplitude were taken 
into account, the integral would be found to converge 
In order to make the integral converge, we suppose that 
V(r) = eQf-*c-«' 

and put K equal to zero in the final result This can hardly be regarded as 
more than an artifice which gives the right answer We obtain for/(8) 

dr - 

A* Jo !xr A* ii* + s:* 

Puttmg K = 0 this reduces to the same result as (6) The Rutherford scatter- 
ing formula was first obtamed by this method by Wentzel * 

§ 3 Scattering of Electrons by Atoms — The problem is very similar to that 
of the scattering of X-rays by an atom The atom is, as before, treated as 
a static distribution of electric charge, of density tj iji(r)l* at distance r from 
the nucleus It is now the electrostatic potential at any point that determines 
the amphtude of the wavelet scattered by an element of volume The electric 
intensity k (r) at any point, due to the charge, and to the nucleus, is 

K(r)=i[£|«Kr)lM7rr*dr-N] 

Therefore, the potential energy of an electron at distance r from the nucleus 
18 given by 

V(f) = — « K{r)dr 
* ' Z Phjndk,’ voL 40, p fiOO (19S6) 
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Subject, therefore, to the approximation that the wave m not much deformed 
inside the atom, the amphtude /(0) of the scattered wave is given by (5), with 
this value of V (r) 

It 18 useful to express /(6) m terms of the functions F(6), defined by (4), 
smO/C these have been worked out for a great many atoms We can transform 
the integral (5) by partial integration , we obtain 

( 0)1 

f 

The formula (8) has a striking similanty to the formula (4), which gives the 
amplitude of the X-ray wave scattered in any direction The significance of 
this liecomes apparent if we obtain the formula (8) by a slightly different 
method In deducing the formula (8) we considered that each element of 
volume scattered a wavelet of amplitude proportional to the potetUial of the 
field at that point But we can obtain the same formula by supposmg that 
each element of volume scatters a wavelet proportional to the amount of 
charge </p that it contains Now we know from §2 the amplitude of this 
wavelet , it is not the same in all directions, but is equal to 

tdpl2mi^ cosec* ^6 

in the direction 0 The nucleus also scatters a wave of amplitude 
Ne*/2«iv* c,o8ec*J0 

The phase of this wave will be opposite to that of the waves scattered by the 
surrounding charge, because the charge on the nucleus has opposite sign If 
we consider the interference of aU these waves, we see that the amphtude of 
the resultant scattered wave is just (8) 

The formula (8) is, as we have stated, only approximate , it assumes that 
the amphtude and phase of the wave inside the atom are not very much dis- 
turbed We can easily see under what conditions this assumption is true 
I^et ns consider any single electron of the atom , it will scatter a wave of order 


/(O)- 


where 


E(0)- 

This formula is equivalent to 


A* 

N - F 
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of magnitude R"^ If there are N electrons, and R, be the radius of 

the atom, then the order of magmtude of the scattered wave, mside the atom, 
cannot be greater than 



times the amplitude of the incident wave If the constant (9) is very much less 
than unity, then the scattenng should be given by our formula 

The formula (8) neglects, also, the effect of the polarisation of the atom by 
the incident electron The exact effect of this polarisation is not at present 
known , it seems probable, however, that if the velocity of the colliding 
electron is much greater than that of the electrons in thi atom, then the 
electron will get past without having time to polarise the atom much 
We conclude then that our formulse are only valid for electrons of greater 
energy than that of a K electron m the atom 
The author has compared the formula (8) with experimental data from two 
sources , the scattering of a beam of 210 volt electrons by helium gas, carricil 
out by Dymond and Watson,* and the experiments on the diffraction of 20,000 
volt cathode rays by a gold foil, earned out by 6 P Thomson f In both cases 
the agreement between theory and experiment was withm the hmits of experi- 
mental error, although in the latter case the energy of the electrons is less 
than that of the K nng In neither case has a comparison been made for more 
than one value of the velocity of the electrons, so it is not known if the scattering 
really is a function of v sm ^0 Further, m neither case do the experunents 
give a measure of the absolute scattered intensity , it has only been possible 
to compare the scattering at vanous angles 
It 18 , however, extremely probable that the formula (8) does give the correct 
absolute magnitude of the scattering For fast electrons and large angles 
it reduces to the Rutherford formula for the scattering of particles by a nucleus 
which 18 known to lie correct Therefore the formula is at any rate forreet 
for the limiting case of large [i 

In conclusion, we give a graph of F and E for oxygen F is a pure number , 
E has the dimensions of an area, and is plotted in arbitrary umts It will be 
seen that F falls away more sharply than E F has been worked out by 

* ' Boy Soo Proo A, vol 122, p 571 (1928) For oompanson with theory see Mott, 
• Proo Camb PhiL Soe ,’ voL 26, p 304 (1929) 
t ‘ Roy Soo Proo A, voL 126, p 162 (1929) For theory see ‘ Nature,’ voL 129, 
p 986 (1929) 
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James,* using Hartieo’n Hold E is caliulateil from the formula (7) The 
scatter <1 intensity is, of course, proportional to E* per unit solid angle 


• I am much m(lcbte<l to Mt James foi pioviding me with these data 
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Scattennq of Fast Electrons and Nuclear Magnetic Moments 
By H S W Massey, BA, M Sc , Trinity ('ollege, Cambndge , Aitchison 
Scholar, ITniversity of Mcllwume 

(Communicated by R H Fowler, F R S — Received March 12, 1910 ) 


Sealfenng of Fail EWtrom and Nuclear Magnchc Momenta 
Summary — The prolilom of tlie nuclear scattering of fast electrons has liecn 
considered by Mott * His method (xinsists in using the wave equation of 
Diracf and applying the usual theory of collisions thereto The result obtained 
18 not m good agreement with experiment and it is thus of interest to consuler 
the possibihtiea of other ofTects In this note the effect of a nuclear magnetic 
moment is considered and shown to be negligible Thus the only explanation 
of the disagreement between theory and experiment seems to be the effect of 
radiation as suggested by Mott * 

It IS convenient to consider the second order form of Dirac’s equations 




eh 

Inr 




Here E is the energy of the electron, V, A;[: the scalar and vector potentials 
respectively of the field of force in which the electron moves, pj, the four rowed 
matrix 

( 0 0 1 0 \ 

0 0 0 1 \ 

1 0 0 0 /' 

0 10 0 / 


and v a vector matrix whose components or,, <t„ rr, arc given by 



• ‘ Roy Soo Proo ,’ A, vol 124, p 425 (1929) 
t P A M Dirac, ‘ Roy Soo Proo A, vol 117, p 610 (1928) 
f V, A at* aMumod to be independent of time 
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e, h, c, m have thtir usual significance As Born’s method of approximation* 
gives good results for the case considered by Mott {loc cU ), it will be used here 
as it IS very convenient 
Write the equation (1) in the form 


w here 






(1) 


(■i) 


and 8 deuot**B the remaining terms Thou the form of solution reqiured is 
taken as 4* where 

V® <1/1 + = (I, (3) 

tj/i thus r« presenting the incident plane wave <}/_5 is given to a first approxi- 
mation bj , 

'I'i f - y'j'i. (4) 

so that 

'de, (5) 

when t**®* *' represents the iiKident wave in direction n^, and n is a iiiut 
vector in the direction of observation 
The firms in S involving scalai potentials ha\( bun t valuated by Mott 
{loc cU ) so we arc concerned only with the vector potentials The portion 
of <j /2 due to thesi is given bv 

(J;/ = ^ I^A grad - ^ or curl aJ e**'"-”*' ^ dv (0) 

W( take A — V X M,t where M is the \octor magnotic moment of the 

scattering centre, = « + {ij -}- (k, my, i, j, ^ bemg umt vectois along the 

co-ordinate axes Then 

r A grad f = grad 'do (7) 


* ‘ Z Physik,’ vol 39. p 803 (1»2«) 
t Hero X is used to donoto a vootur product. 
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^(r) X M • grad - [t ^(;)- P I (;)]£ 

Taking the polar axw along the direction of the vector n — Uq wo have only 
the last term m (8) to consider But it is obvious that it will contribute 
nothing to the integral as it contains tngonometric functions of hist degree 
m the azimuthal angle <fi, %e , 

3 /1\ sm 0 am ^ 

5iW “ • > 

These vanish when mtegratmg for ^ Hence tlie term A grad, contributes 
nothmg to the first approximation Consider now 

f<T curl (10) 


curl A = V X V (-) X M, 


“V(v(i).M)-V*(i)M, 

= v(v(;) m), (11) 

so 

o-.curlA = |a^(i) + a{J^ +dYp|a,+.eto (ISi) 

The terms m vamsh on integration as they molude cos tfi, am if> 

respectively Consider then 

Change to cylindrical co-ordinates p, z, with z axis along n — so the 
mtcgral becomes 

I I* I ^ + P*)~* ♦/(; [(1 — cos 8) * — p sm S cos tft]} pdzdp d(f>, (14) 

where S, the angle between n, Oq is the angle of scattering 
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Now 

I ^(2" + P®)~*exp{— tA!(l — C 08 S) 2 }»i« 

= g(a* + p*)-*e-*“— “'J" 

+ ^^ (1 - CU8 8) j" |(a= + p2)-, 

- k" (I - cos 8)- j" (2^ + (16) 

Htnu' the integral (11) is 

(1 — cos S)‘*|^|j (2“' + P")-* 1 xp {— ^^K1 — cos 8)2 — psiuS COB <^J} ^dzdfd^ 


This mtegial has been evaluated by Oppciiheimcr,* who gives 

— l//esui^)8, 

BO the integral (18) is simplv — 4 sin® JS and the coutiihutiou to is 



and X and y being arbitrary when the z axis is chosen, so that 





J sin® 18 


(lb) 


(17) 


(18) 


Thus the total coiitiibiition of these terms is 

— '-y- ^ fl<T, — iya.) sin® ^8 (19) 

Th( n maining terms in (j/g' due to A* will be neghgible as they are only a 
correction to the effect of terms of first order in A Hence 

(acr, + - 2 y®.) “n* JS (20) 

* ‘Z Physik’ vol 41 p 111(1027) 
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The contnbutiou to the scattering will then bo of the order | 4'*'^ \*,ie, of order 

Tr*»-8 ^ 


Now the scattering <luo to a Coulomb centre of force has been shown* to be 
given by 

ZV ,, 11*^ r 4 1 .x c® , ,vx , iTC®Ze®c cos® U 1 


Im^v* 


(^1 - l^ooBcc* cosec® ]<S -f - 


Ac* Biii®JSJ 


( 21 ) 


Hence if the magnetic effect is to be of the same order 

!ifZE?^M®~ 

c*A* - 47«V’ 


where M is the scalar magnetic moment of the scattering centre This means 


/eh y X®e* 
\»«e/ 641/*’ 


(i2) 


1 e , M of tlie order of a Bohr magneton This is an impossibly high value for 
the magnetic moment of a nucleus so it can bo concluded that tlie nuclear 
magnetic forces have a negligible effect on the scattering of electrons However, 
this does not apply to scattering due to electrons themselves, for in such case 
the moment is of the order of a Bohr magneton This effect may be of impor 
taiice 111 the scattering of fast fi-particles by matter To i alculatc it correctly 
requires the use of Uirac’s relativistic equations for a two electron problem 
m some such form as used by Oauntf in calculation on the helium spectrum 


* Mott, loo ril 

t‘ Roy Soc I’roc A, vol 122, p 013 (IWO), and ‘ Phil Trans A, vol 228, p 151 
(1020) 
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Remarks on tjie Anomaloas Scattering of a-Partides from the Quantum 
Mechanical Point of V lew 

Bv if S W JLvssfy, BA, M Sc , Trinity College, Cambridge, Aitcbison 
Scholar, University of Melbourne 

(("omniunicateti by R H Fowler, F R S — Received March 20, 1930 ) 

§ 1 Tt has been established experimentally by Bieler and Rutherford and 
Chadwick"' that «-partic lo si attermg by light nuclei does not obej the Ruthei ford 
formulaf if the velocity of the incident particles be sufficiently large (of the 
order 2 X 10® cm per second) Bieler showed that the scattering becomes 
loss tlian the classical value for moderate angles (up to 70° scattering angle), 
while Rutherford and Chadwii k found that it increases again for 1 35° scattering 
angle Tt is at once obvious that these results indicate a departure from the 
C’cmlomb law of force, and various laws have been invoked to explain the devia- 
tions Thus BielerJ showed how the inverse fourth power law was capable 
of explaining his results, and he found the radius of the neutral surface of the 
nucleus to be '5 44 X 10"*® cm Hardmeierll used an inverse hfth piower 
polarisation law and was able to explain the increase again at high velocities 
However it is desirable to consider the vahdity of these calculations from 
the standpoint of the new mechanics 
§ 2 Dinuomonal Consvieratwm — Consider scattenng by a centre of force 
exerting a potential Fr"“ This scattering will deptmd not only on the mass 
w, and velocity v of the incident particles, and on F. but also on Planck’s 
constant h The possible dependence on h is not taken into account m any of 
the above attempts to explain anomalous scattering Put the scatti>rmg cross 
section proportional to Then we must have the dimensional 

equation 

t/ii»M‘rmr[Fr = [Lj®. (i) 

and also 

[F] [L]» = [energy] (2) 

•Bieler, ‘Roy Soc Proo ,’ A, vok lOfi p 4*14 (1B24), Rutherford snd Chadwick, 

‘ Phil Mftg ,’ vol 50, p 880 (1025) 
t Rutherford, ‘ Phil Mag ’ vol 21, p 1109 (1011) 
t ‘ Proc Camb Phil Soo vol 28, p 181 (1025) 
il'PhvK Z ’vol 27 p 574(1926) 

VOL cxxvn —A. 2 x 
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Therefore from (1) 

« + M + te = 0'j 

2s -f * + 2i’ + ww 3= 2 ? , (3) 

- s - / - 2«> ^ () J 

giving 

s = 2 - nw, / =- (« - 2 ) 1 ^ - 2 «-=(«- 1) «> - 2 ( () 

If the scattering is independent of h 


w — 2hi i^i) 

Therefore the ficnttoring formula mchidcs fi for «> 2 unless wo mav expect 
dependence on proper fractional powers of F winch is extremely improltable 
All methods of treatment consist m expansion in powei-s of F which is in 
general very small, m which case wo must have ic ^ 1 Hence it is almost 
certain that h appears in formula) representing scattering by higher power laws 
Even m the case of « — 2, w would have to be unity, and in all wave mechanical 
treatments F appears m no lowei power than the second, so in this case also 
h appears 

Now it IS a g( neral lule that win u li appears explii itly in .i fornuih tlieie is 
little possibility of classiial caU illations giving the < orrect iisult, but when A 
does not so appovi w( expect classical formula) to hold This is cleaily illus 
trated in the scattirmg by a Coulomb law of (one Here — 1 and h ilocs 
not occur so wi* have the dissical Rutherford formula agreeing with that 
obtained wave meclianu dl> Ifowevei, wliin nlativity mechanics is intro 
duced, which is equivalent to including an inverse c iiIm- law of force, h appeals 
and Dai win’s classual foimula* for this case is m no way similai to Mott’sf 
wave mechamcal formula We must then c xpec,t that Bieler and Hardmeier 
and Debye s themnea (loc cil ) have little sigmficancc, the classical foimuLc 
bie^king down luitircly in the case of higher power laws 

§ 3 Smtlcntu) by Hiyher Power Lawn ami Waw Mm Immin We now proc c>ed 
to consider m more detail the cfTc cts of higlicT power laws fiom the point of 
view of wave mechanics Dnfortunately it is not possible to carry out investi- 
gations in tins field witli any rigoi at present, and what follows can only lie 
taken as a [uobable suggestion 

Thc« most convenient formula to use when scattering by unusual poteutials 

* ‘ Pbil Mag vol 35. p 201 (1013) 
t ‘ Roy Sot Pnx- ’ A, vol 124, p 26 (1020) 
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IS considerod is tliat p;iven by Born'" which is a method of successive approxi- 
mations To the first approximation the fraction of partules scattered in a 
direction makinij an angle S with the direction of iiuidence hj a pobntial V, 
IS giv< n by 

i rr j " 1 * 

If V IS a function of ? only this reduces to 



In general this integral diverges but by making suitable modihcations in V 
it may bt nude to converge This ma> seem high liandoil but it is a common 
feature of (quantum theoij that such must oft< n be done It consists formally 
in introducing a parametei e in V so as to modify the [Hitential only sbghtly 
but such that 

Lt V (e, i) f sm ^ (8) 

19 hnite We shall assume that appropriate e’s may be obtained to make the 
above formula yield ‘ physical ” values foi the scattering This, of course, 
IS a very doubtful step and cannot bo justified mathematically but must be 
done to jirooei d 

The scattering in the above case will 1 m* proportional to F* Hence we have 
from (4) 

s — 2 — 2w, t -^'In — 6, V = 2/1 — 4 (9) 

Hence the foimula for the scattered wave amplitude, whu h is given by 
/*| Amplitude)® = scattering cross-section, 
must be of the form 

Now, since v and sm JS always occur together as a simple product in expression 
(7) we must have a scattered wave amplitude of the form 

( 10 ) 

• ‘ Z Physik,’ vol 39, p 803 (1926) 

2x2 
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Hence if we have the potential V expanded in the series 

(a,, constants) (11) 

tlie scattered wave amplitude will be of the form 

S,o;(o8mi8)-3, (12) 

where the a/ are new constants If the lending term is that for s == 1, whu h 
we tnk( as giving the classical formula, the observetl mattering in such a 
potential as (11) will be given b> 

a/* 1 (1 - S sm'-' 1») I® (H) 

whcie 

0 ," = fl.'/flij' = flj' (e*j4nih* sin^ (14) 


for fij'* just gives the classical Rutherford formula If this theory is valid 
then, if the scattering is due to a spheiically symmetrical field of force, it should 
he a film tion of v sill It is easy to test this for any experimental values 
and if it 18 found to be the case, the powers of the additional potentials < an be 
determined Since the deviation from the c lassie al formula becomes greater 
the greater v and sin 18, it is obvious from (H) that the only spherically syna- 
metrical potential function capable of giving the results is one either expansible 
m powers of 1 jr, or m a senes whose leading terms are in powders of 1 jr Thus a 
pure exponential foim of potential is of no value 
§ 4 Apflication to Expenm^tUal Valuer —In figs 1 and 2 the ratio of observed 
to classical scatteiing is plotted as a fimction of vsin JS for magnesium and 
aluminium using all the points obtained by Bieler and by Rutherfoul and 
Chadwick For magnesium it is apparent that the ratio is of the form 

C/(i>sm J8), 


where C is independent of v and 8 No such simplicity appears to charac tense 
the aluminium results Whether this is due to failure of the theory, the law of 
force being not spherieally symmetrical, or to experimental error in the deter- 
minations must remain an open i)ucstion for the moment However as 
magnesium does seem to satisfy the required conditions we may proceed to find 
the law of force We have from (11) 


R = 


Observed 

Classical 


= |1 - S o/'o*-! 




(15) 
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If till prt (loiniimtiug torm m tlu expansion is foi i n tiii.n if wc plot R* as 
a function of i""* siu’'”' ]<{ wc should oiituiii an approximate straight line 
in hg 3 tins lias bci n done foi a = 1, t and and it in at oiici obvious that the 



3 — Ulugtratmg relative probability of different laws of force causing anomalous 
scattering m magnesium 

bcale—Foi curve I (csin 48)» x lO"** (cm pci sou )’ 

I'oi curve II (« sin jS)* X 10 ” (cm per sec )■* 

Foi curve III (t) sin JS)* X 10-“ (cm pci sec )‘ 
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last two give the best straight line We are thus led to consider the possibilities 
of the inverse fifth power law of force It is also clear from fag 3 that if we 
are to place reliance on the remaining experimental point we must introduce 
a further higher power repulsive law of force, but it is hardly allowable to draw 
such conclusions from a single point 

§ 5 DtU-nmnaiton of Force Constant — Let us introduce a potential 


We have then to evaluate 

Jo r(ri-P) 

Consider the Cauchy principal value of 

3 . hr - 

taken over the usual semicircular contour iiulent.eil at s = 0, ± f This is 
equal to w timis the sum of tlu residues at the poles 0, i /, of the integrand 
These icsidues arc 

— l/l®, “I" 

respectively, giving for the integral (19) the value 
27V* sm^ (iit iiai sin iS/A)/!® 

But (19) 18 siinpl) 

f sin dr 

Jo / {>^-h 

Therefore the required principal value of (18) is 

Oicht , 1 2n mri , „ \ 

Making /->-0 gives l7T®/rtVA”*sin®JS for the ‘physical” value of the 
integral in (7), for a law of force 


Hence is 

sin JS 
h' 

using (7) Therefore from (14) 

_ „ Knr* w®a*v® 

«. 
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If ry 18 the radius of the ucutnd surfaw 

111 the nucleus 


— 

so that 

Z/r„* 

(21) 


li indP’' 

(22) 



Now fiom lig 5 \\i hiiil (1 1/1 5 

Ui"’’ so that 


_ 0 (, < l(r«t,ii 

(23) 

Tins IS one sixtli of lln \ dm ilielmulb 
of force and classical luechaiucs Also 

V Ibi hi with inve i 

SI foiiitli power law 


(/, - 1 1 l(r>’'(ni'’ ( 21 ) 

which IS v( 1 V iuu( h If'S tluui I lunluu i< I’s viiUk (Ak ) o( th* iiolftriiuLulity,” 
0 1 / 10- '« ( m ' 

^ () CondH'^wn - It thus appears that if Bom’s lluoiy of (ollisionsmn bo 
approximate!) appliul to statkimg b) lug]i<r pmvii laas of force, the 
anomalous scatteuiig h suits obtained with iiiagiKSiuin air elm to a spherically 
symmetriial Ik id of font a Inch is at lust tint of an iiiviisi lifth oi sixth 
power attiactivi foin In view of tin smhh ii iisi of scattiiiiig obtained at 
A lertain point it appi.iis that i liiglui [wwii iipiilsivi foiti may be loming 
into play This is of inkiest in vita of tin gnioral < vplamtion offered by 
lliitlierfoid and Chadwick of tluir icsults as dm to succissivi shells in tin 
Blattering nuch us tin lust attiuctiiig the xpartiih, the second reptlhng it. 
The laibus of the neutral surface in the nngiii'sium niii lens taking the hftli 
power law w oiks out at 0 0 s 10“*® cm consiele rubly smallci than the classical 
value of 5 41 !(>-*■* em Aluminium appeals to show no legulanties of 

the same type as magnesium but until fiiitlier experimental elata is obtained 
the reason for this is not cleai Despite the good lesults obtained from 
magnesium it is imiHissiblc to be e eitaiii of the validity of the above conclusions 
until very many more expeiimental obscivatious have bcem made on various 
clcmonts usmg angular ranges much smaller than those previously used 

In conclusion, the author wishes to thank Sir Ernest Rutherford, Dr Chad- 
wick and Mr R H Fowler for much discussion and the interest they have 
taken m this work 
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A7i Apphcattolb of the Stem~Gerlach Expemnent to the Study 
of Active Nitrogen 

By L C Jackson, M Rc , Ph D , and L F Broadway, B Sc , The L Diversity, 
Bristol 

(Communicated bj \ P Chuttock, F R S —Received Mareli 14, I'JJU ) 
ItUroductiOH 

Many theories have het n put forward at oue time or another to esplam the 
chciiueul activitj of active iiitrof'eii and the mecliaiiism of tlu pioduction 
of the yellow “ after glow ” Reunion of nitrogen atoms to foim molecules, 
metastable molecules and interactions between atoms and molecules have 
all been drawn upon to explain the aftii glow * 

At the tunc the work described in the piesint paper was conuneiiecd the 
theory holding the field was that of Sponer f According to this thcoiy two 
normal nitrogen atoms colhde m a triple collision witli a normal nitrogen 
molecule with the resultant formation of one normal nitiogen moleeulc and 
one excited molecule Since the carrier of the afti r glow is known to bi' an 
excited nitrogen molecule with about 115 volts energy, and since the dis- 
sociation energy was then believed to be 11 5 volts, the theory seemed to 
explain the energy relations of active nitrogen satisfactorily The com- 
parative rareness of such a tuple collision was in agreement with the long 
hfc of the after-glow On this theory the chemical activity would be attributed 
to the nitrogen atoms (in their ground state) A support for this theory would 
have been obtained if it could have been shown that nitrogen atoms in their 
ground state, which is known to be a *S state, are present m active mtrogen 
Later work has, however, shown that the dissociation energy of the mtrogen 
molecule is about 9 1 volts and not 11 6 volts as supposed by Sponer, and 
hence the theory cannot be vahd 

IV hat now appears to be a correct explanation of all the facts has b<*eii given 
by Cano and Kaplan % They suppose that the production of the 1 1 5- volt 
excited molecules of the after-glow is due to an interaction between a metastable 
molecule m the state (8 volts) and a metastable mtrogen atom in the *P 

* For A reoent sumnuuy of the aotive nitrogen problem, eee Kneeer ‘ Ergebniaae der 
Exakten Naturwiseensohaften,’ vol 8, p 229 

t ‘ Z Phynk,’ vol 34, p 622 (1924) 

t ‘ Z Physik,’ voL 08, p 769 (1929) , * Nature,* vol 121, p 906 (1928) 



b79 


Studij of Active Nth oyen 

Btutc (i 5 volts) Interactions between mitustable molecules in the state 
ami mctastable atoms m llu state (2 4 volts) also give excited molecules 
required to ( \plain the intensity distribution in the spectrum of the after-glow 
Tins spectiinn is men Iv that of the hrst positive liond group of nitrogen but 
with a distiibution of intensity different from that obtained in ordinary 
nitrogen The existence of tin se and mctastable states of the nitrogen 
atom IS pieilu ted by Hnnd’s thcoi v * and they have been found spectroscopically 
by f 'oinpton and Bovf e f who havi verihi d that their energies are as reqiured in 
the above thtorj The chemical activity of active nitrogen will on this view be 
due to the metastabh atoms This tin ory would, tlierefore, receive confirmation 
if it could be sliowii tliat these metastublc lutrogi ii atoms arc present in active 
nitrogen and tliat thev an ehimiially activi 

Tin work desuilxd in tin pnsint papei was uiniirtakui w'lth the hope of 
fuiiubhing (hhniti (vnhnce as to tin lutiirc of tin elnmieally active con- 
stituent or constituents of active nitrogen A stream of active nitrogen was 
submittid to investigation by meins of tin Stern Oi rlach method using a 
chemical mctliod for the detection of thi> stream Fiom tin tiaecs produced 
evidence was obtaiind of the priscini of mctastable atoms of nitrogen in 
the *Pj state No otln t clninically active entities weic recorded 

Ik set iption of A pparaliis 

Several different exjniimental arrangements and methods of excitation 
were tried before any sue cess was obtained These unsuccessful attempts 
will not be dcsciibod but onlv tin appuiatiis which was finally founel to function 
satisfactorily 

The mam part of the apparatus is show n in the hguie W ith the exception of 
the electrodes and the screen earner, tin whole was constructed of pyrex glass, 
80 as to avoid any contact between the beam of active nitrogen and metal 
The mtrogen was purified by passing it from the cylinder in which it was 
contained through an alkaline solution of sodium hydrosulphite and a solution 
of potassium hydroxide A reservoir of aliout 1 5 litres capacitv was filled 
with the gas to a pressure of about 6 ein The nitrogen passed from this 
reservoir through a spual of hue capillary tubing (to give a considerable pump- 
ing resistance) into the discharge tube at A The greater part of the gas which 
enters the discharge tube leaves it again at B, it having been found that a 

* “ Luuenspoktren und Penodisohei System der Elemente ” 

t ‘ Phys Rev ,’ vol 33, p 145 (1929) See also Ingram, ‘ Phys Rev vol 34, p 421 
(1029) 
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better after-glow could bt obtained with a stream of gas larger than tould 
be made to pass tbrougli the exit slit 

The discharge tube is of the type descrilied by .Johnson* in liis work on the 
reflection of hydrogen atoms from rock salt i lystals Its construotion will be 
obvious from the diagram Tin inner p.ul of the discharge tube is wattr- 
cooled as shown to prevent these paits fiom Ijcooming too hot The outci 
vertical tubes were kept cool by a current of an from an electric fan This 
type of discharge tube ensures that the activated gas is always piescut 
immediately bchmd the hrst sht and that it has nut a long path to travel 
before rcachmg the latter as in the ajiparatus used by Wredef for the detei- 
minatiou of the magnetic moment of the hydrogen atom 
A smaller part of the nitrogen passes through the hne sht This was 
made by sealuig a piece of platmum foil of the required width and thickness 
into the end of a piece of pyrex tubing, sealing on a second piece of tubing to 
the first and blowmg out flat the partition of glass so produced The platmum 
was then dissolved out with aqua regia Platmum was used as it gives the 

*' J FrankUn lost voL 206, p 301 (1928) 
t Z Pbysik,’ voL 41, p 660 (1027) 
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cleanest alite, quite free from bubbles or oxide By this means shts of any 
required length and width can readilj be produced and tin required pumping 
resistance can be obtained by suitably choosing the thickness of wall of the 
partition The sht Sj, actually used had a length of 1 5-2 mm , a width of 
about 0 06 mm , and a wall thickness or length of the canal of about 1 6 mm 

The mtrogen then traversed the evacuated space, Dj, and passed through 
the second slit, so producing a hnc beam of atoms (or molecules) along the 
narrow tube, H This second sht was made by seahng glass jaws, on which 
a hevelled edge had been ground, on to tin flat, partially closed end of a glass 
tube The seahng was done with the aid of a miniature oxygen coal gas 
blowpipe The length of the slit is dcfiiud by the diameter of the hole left 
in the partially closed end of the tube, the reijuired width being obtained by 
placing a piece of platinum foil of the required thickness between the jaws 
durmg the seahng on process The tube having been cut off short was scaled 
into the appartvtus as shown The dimensions of this sht m the apparatus 
as hrst used were length 2 mm , width 0 05 mm The part Dj of the apparatus 
was evacuated by a fast diffusion pump through a short length of 4 cm 
tubing shown at Cq 

The narrow tube H was situated betwci n tiu' poles of a W< iss electromagnet, 
having the usual wedge-and-slot shape of the .Stern (ierlach anangement 
This tube buldid up against a brass block httid into the slotted pole-piccc 
lu such a way that the vertical diameter of the tube lay nearly in the plane 
of the pole face * 

After passing through the non honiogi ncous magnetic held, tin beam was 
received on a screen N, coated with ,i suitable themual indicator This 
screen was placed in a holder attached eci entru ally to a groiiiid-joint as shown, 
so that, as m Wrede’s apparatus for the investigation of atomic hydrogen, the 
screen could be rotated, if desired, after an exposure with the magnetic held 
on, and a second with the held off, obtained on the same screen under the same 
conditions The tube H and tin spate Dj, wt re evacuated through the tube 
(la Side tubes at Mj and served to measure the pressure m Dj and Dj 
respectively with a MacLeod gauge 

The left half of the apparatus up to and including the narrow tube H was 
first construited, the end L of the discharge tube bung h ft op< n The whole 
was made up with the two slits as nearly in aUgnment as could be judged by 
eye They were then finally aligned as follows The apparatus was cut along 

* For a disgram of and nsagons for this nrrangonieut, see Leu ‘Z PLysik,’ voL 41, 
p Ml (1927), and Wrede, ‘ Z Fhysik,’ vol 41, p 009 (1927) 
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the hue XY and the two halves supported m retort stands A briUmut hue 
source of light was then focussed on the inside of the sht Sj through the dis- 
charge tube at L Then by adjusting the position of the second half of the 
apparatus which carries the knife-edge slit Sg, it was possible to arrange that 
the light from the sht S, brilliantly illuminated the slit S, and that the beam of 
light also passed ai curatcly along the axis of the tube H The adjustment was 
found to be very critical so that the alignment could be carried out with con* 
siderabh accuracy and with relative case The stands were then clamped in 
position and the apparatus again joined along XY, continual observation along 
the tube H ensuiing that the slits were still in ahgnnu nt when the joint was 
finished 

The span Dj in tlu apparatus first employed was evacuated by m< aiis of a 
(jaede steel three-stage diffusion pump backed by a Megavac rotary oil pump 
which also served to pump out the nitrogen at B A large liquid air trap of 
low resistance and of a design similar to that dosenbed bv Johnson* was 
attached immediatel) to the ground-joint of the Uaede pump The space I)^ 
was evacuated through a similar trap by a pan of large single-stage glass 
diffusion pumps in parallel, backed by a third two-stage diffusion pump and a 
Hyvac rotary oil pump With this pumping system and with a pressure of 
about 1 /lO ram m the discharge tube, the pressures m and Djwcrei — Jx 
10~* mm and less than 10~® mm respectively 

The indicator used in the present experiments was silver lutrate Pie- 
liminary trials in a separate apparatus had shown that this substance possesses 
advantages both as regards contrast and speed over the other substances winch 
undergo a colour change through the action of active mtrogen f Silver 
nitrate possesses the disadvantages of being definitely crystalhne and of 
darkening slowly under the action of hght Neither of these is, however, fatal 
as the surface obtained when the salt is ground as finely as possible shows up 
the details of the trace cjiute adequately, and as the traces were measured and 
photographed soon after a run the eventual blackening of the whole screen 
was immaterial 

The following dimensions of the apparatus may now be recorded discharge 
tube slit, 2 mm long, 0 046 mm wide , second sht, 2 mm long, 0 05 mm 

* ‘ J Franklin Inst vol 206, p 99 (1928) 

t Several such substanoee are mentioned by Wrede, though in his expenmenta the sub 
stances were really acted upon by atomic nitrogen Our own observations afforded a 
general confirmation of his statements See Z Physik,’ vol 04, p 63 (1929) 
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wide , distance between slits d cm , distance from second slit to scieen 7 6 cm 
length of path in the* magnetic field 4 cm 
The apparatus was first calibrated by passing hydrogen through the discharge 
tube and so obtaining a trace for atomic hydrogen The theoretically expected 
splitting of the trace corresponds in this case to ± 1 and this has been 

c onfirmed experimentally by Wrede* and by Phipps and Taylor f The trace 
with the magnetic field on was first visible m about 20 minutes, and a com- 
pletely exposed trace was obtained m 1\ hours The trace so obtained con- 
sisted of two cleaily separated parallel lines each rather wider than the trace 
without the held on, exactly as in the photograph repioduced by VVrede 
Measurements of this trace, width of line without held widtli over outside 
edges of lines with field, width of gap between inside edges gave the necessary 
information for evaluating anv othei trace obtained with the same current 
through the magnet and for the same position of the scieen J: 

Nitrogen was then run through the discharge tube and an attempt made to 
obtain a trace with it It was to be expected that the length of exposure 
would be much gi eater than with atomic hvdrogen both because active nitrogen 
IS not so reactive towards silver nitrate as atomic hydrogen ainl because the 
percentage of activated gas (about 2 per cent with the usual methods of 
activation) is v< ry mm h less than in the case of hydrogen it was soon found 
that the exposures required with mtrogen were veiy long Again, there was 
no consistency m the results of the various runs , sometimes a run would 
result in a trace being obtained and sometimes not Though runs were made 
up to lb hours’ continuous exposure, the results obtained were quite unsatis- 
factory Thus it was necessary to decrease the length of exposure reijuired 
by some means It was, therefore, reluctantly decided to incnasc somewliat 
the width of the second sht 0 05 mm was already as wide as could be 
allowed when it was desired to obtain clear resolutions of the split trace 
Widening the slit, therefore, meant scanhcing the resolution somewliat to 
speed of recording It would, however, result m detc rmming drfiintely whether 
a molecular beam of active mtrogen can be satisfactorily rcc,orded under the 
conditions demanded by the experiment, and, if so, whether the entity which is 
thus recorded jrossesses a magnetic moment or not Tt mqhl also be possible 

*‘Z Phyaik,’voI 41, p 00*) (1027) 
t ‘ Phys Rov ’ vdl 23, p 300 (1327) 

t Kurt and Phipps (‘ Phys Rev ’ voi 34 p 1357 (1929) in their recent work on the 
“ Magnetio Mamont of tlie Oxygen Atom ” have also nseil atoimc liydnigen to calibrate the 
apparatus 
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to interpret the trace bo obtained if it happmed to correspond to certain 
particularly simple cases If a trace was obtained and could not be immedi- 
ately interpreted, it was our intention to return to a narrower slit and to find 
some other means of evading or successfully obtaimng the long exposures 
required m the bght of the experience gained This latter step was not, how- 
ever, found necessary as it was found that the trace finally obtained could be 
interpreted definitely though the lines were not actually resolved when developed 
to their full width. 

The second slit was, therefore, now given a width of rather more than 
0 06 mm , the other dimensions of the apparatus remaining ewtly as before 
The arrangement was again calibrated with atomic hydrogen, given purposely 
only a short exposure (a visible trace could now be obtaineil with atomic 
hydrogen with the magnetic held on in 2 minutes) to ensure that tlie trace was 
resolved The previous calibration was satisfactorily conhimed Buns were 
then made with nitrogen and though the results were now mote satisfactory, 
it was found that exposures of more than one day’s run would have to be given 
to obtain a completely developed trace To do this it was desirable to be 
able to shut down the apparatus over night and run agam the next day This 
was quite possible as far as repeating the conditions as to the pressure m the 
discharge tube, the vacuum in the rest of the apparatus and the current m the 
electromagnet, but tlie special low ccsistanoc mercury vapour traps did not 
permit of liquid air being maintained m them after the pumps had lieen shut 
off Since it was quite necessary to prevent mercury vapour from reaching 
the silver nitrate screen (which is rapidly blackened thereby), it was necessary 
to re-design the pumping system The following arrangement was, therefore, 
adopted The two parts and Dj of the apparatus were each evacuated by 
means of a large single-stage umbrella pattern diffusion pump using oil* as 
the working substance backed by a two-stage mercury diffusion pump with a 
mercury vapour trap of the usual pattern between them Liqmd air could 
be kept on this trap indefinitely and the mercury vapour prevented from 
reaching the silver mtrate when the apparatus was shut down over night 
The oil diffusion pumps possess the advantage of requuing no trap so that 
they can be connected directly to the apparatus through a short length of 
tubing, so improvmg the pumping speed 

This pumping system proved quite satisfactory and the apparatus immedi- 
ately worked consistently with nitrogen and the time of exposure was reduced 

• This oil was supplied by Mr Bnroh of the Metropolitan Vickers Co , Manohester, and 
haa a vapour pressure of 10~^ mm at room temperature 
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somewhat further This change m the behaviour of the apparatus was to 
be attributed to the elimination of a small trace of mercury vapour which 
passed the low resistance traps and partially deactivated the beam of active 
nitrogen That a very small amount of mercury vapour did g§t past was 
sliown by the fact that with the earlier form of the apparatus the trice obtamcil 
witli mtrogen was black, due to a di'velopmg action of the mercury and with 
the new pumping system was brown 

Exposures were now made with the magnetic held on, and with it off 
The current through the electromagnet was always 9 amps A clearly visible, 
well-developed trace was obtained with the magnetic fitdd off in 2-5 hours 
Exposures made with the field on, resultcsl in trace's which were broadened 
compared witli those obtained in the absence of the field, but broadened to an 
extent which corn spmded to a splitting of the beam much smaller than that 
of atomic hydrogen Longer runs were, therefore, made to determme whether 
the full width of the trace had been reached or whether with a longer run the 
trace would broaden furtlier, indicating the presence of other mote deviated 
components Witli tins objecl exposure s were made uii to as long as 40 hours, 
but no appreiiable broadi niiig of th« tiuce was prodiued It was not found 
feasible to give mui h loiigc i < xposuies, say longer than 50 hours, as the “ back- 
ground ' due to gent ral soatlenng then became iindraiiably noticeable Since 
It was intended to investigate active mtrogen in its ordinary state m which 
It gives the w< ll-known >cUow aftei glow, it was desirable to run the discharge 
tube under such renditions that an after-glow was always present The after- 
glow IS relatively weak at the pressures at whidi it was found necessary to nui 
the disi’haige tube 1/10-1/5 mm , and it was found that the after-glow dis- 
ap))earod afbr (he tulie liad hieii uiimuig for more than, say, 2 hours This 
observation is in agi cement witli the known fact that no after-glow is produced 
in glass apparatus which lias Is < ii thoroughly baked out, the walls becoming 
very catalytiuilly aitive and destroying one of the components required to 
prodmo the after glow Herzbeig* has sliowu that if a trace of hydrogen is 
introduced the after glow rt turns to its full intensity m such baked-out appara- 
tus A tiace of liydiogen, insufficient to give any record on the silver mtrate 
screen, was, therefoie, addi d to the mtiogen during some of the runs The 
yellow after glow th« n pusisted in parts of the discharge tube throughout the 
whole exposure I'io (Ufferemi* in the trace was, however, observed when the 
discharge tiilie was run undoi those conditions and when it was run wnth the 
after-glow absent This shows that the chemical activity of active nitrogen 
* Z Phystk,’ vol 4«, p 878 (1028) 
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may persist m the non-(;lowing state as observed by several other workers * 
In view of this hydrogen was not added to the nitrogen in later exposures 

ExpenmefUal RegttUt and Dtscusston 

It was found that moderately long exposures, 12-24 hours, produced traces 
with the magnetic field on which were not resolved into two components, and 
which had widths about 60 per cent greater than the line obtained in the 
absence of the field It was thus immediately seen that the spbtting, to which 
these unresolved traces corresponded, was much smaller than that of atomic 
hydrogen, te , mg was less than 1 As mentioned above longer exposures 
were then given, up to 40 hours, to detormme whether the wulth of the trace 
obtained with, say, 24 hours’ exposure, really represented the whole trace 
or whether components of larger tng value, which on account of the spreading 
due to the Maxwellian distribution of velocities would require a longer exposure 
to make them visible, would be recorded The width of the trace remained 
sensibly the same for increases of exposure beyond a definite minimum 
It, therefore, seemed that the whole trace was to be accounted for by a 
single pair of components correspondmg to an tng value of loss than J On 
this assumption the breadth of the unresolved trace to be expected was calcu- 
lated for the possible cases satisfying these conditions The calculation was 
mode with the aid of the formula given by 8tern,t using the data of the atomic 
hydrogen cahbration It was then foimd that the width of the trace, whether 
it was os small as posmble (lowest pressure m the discharge tube) or whether 
it was broadened somewhat by colhsions (higher pressure), could be explained 
by a value of the magnetic sphttmg equal to ^ ± 1 /3 To give the 
numerical results, the width of the line in the absence of the held was in one 
instance, 0 33 mm , and with the field on, was 0 57 mm , with a probable 
error of about 5 per cent The calculated value of the width of the trace m 
the magnetic field, assuming 0 33 for the width without field, was 0 57 mm 
Although each trace was photographed it was decided not to publish 
these photographs because, on the increased scale required for reproduction, 
the gram of the silver nitrate is shown so clearly that it confuses the details 
of the actual traces Furthermore, since the traces were brown, the photo- 
graphic contrast always came out less than the visual contrast, and as this 
would be emphasised in the reproductions, the figures would give a very 
poor idea of the appearance of the original traces 

• 8ee Wilky, J Chem Soo ,’ p 2831 (1927) . Kneser, tor «/ , pp 23fi, 261 
t ‘ Z Physik,’ vol 41. p 683 (1927) 
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A curious (levelopmont phenomenon was observed with the traces obtained 
on silver nitrate with active nitrogen, m that they “ developed ” in the air 
in the dark for sevtial days after removal from the apparatus In fact unless 
an exposiiie of ovir 12 houia had been Rivin (with the held on) no trace was 
\uBible on removing the screen from the apparatus It soon, however, began 
to appear and continued to darken gradually for at least 3 days This phenome- 
non permitted a satisfaetorv confirmation of the splitting ± 1/3 to he obtained 
A short exposure of about ll hours was given with the field on No trace 
was vuRible on lemoving the screen from the apparatus but, on watching the 
screen, a trace was seen to appear gradually Because of this phenomenon it 
was possible to see the trace before the components had reached their full 
width and intensity They wen then seen as two very fine, clearlv resolved 
lines, which as tune wont on became darker and broader and finally over- 
lapped It was found possible to obtain a messuiement not of the actual 
separation, but of the total width across the outer edges of the lines Now 
the cahbration with hydrogen had shown that if the splitting with nitiogon 
corrcspondi d to — ± 1 ' h the centres of the lines should be 0 11 mm 
apart If now the lines were just visibly resolved the w idth of each ( omponent 
could not have been more than, say, 0 12 mm in this case The width across 
the whole trace would thus be 0 25 mm or rather less The mean of a senes 
of measurements on traces, when just resolved, gave a width of 0 21 mm in 
excellent agreement with the above value Many attempts were made to 
obtain photographs of the trace m the resolved condition Although photo- 
graplis were obtained, it was not found possible to obtain one which would 
reproduce satisfaetoi ily on account of the faintness of these traces 

The whole of the evidence obtained pointed to the fact that the entity which 
produced the trace on the silver nitrate screen had a magnetic moment such 
that the splitting was d; I /3 and no evidence was obtained of the presence of 
atoms or molecules in other states This fortunately means that the trace, 
in spite of the components not being resolved when they had reached their 
full width, was definitely interprctable 

In discussing the meaning of this result, wc may hrst consider what states 
(atomic or molecular) might have been expected to have been present m the 
beam passing through the magnetic field If Sponer’s theory had been correct, 
one would have expected to obtain a trace coriesjioncbng to the nitrogen atom 
in its ground state Since this is a ‘S state, the trace would have corresponded 
to ± 3, d; 1 Spouer s theory is, however, undoubtedly incorrect, so that one 
would not actually cxpict to observe this splitting The theoiy of Cano 

VOL cxxvn — A 2 T 
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and Kaplan, which requires the presence of mctastable molecules in the 
state and metastable atoms m the *P and states, gives a larger number of 
possibilities The molecules (since a S diatomic molecule behaves m a 
magnetic field hke an S atom) would lead to a trace ± 2, 0 It is however, 
probable from available evidence that these metastable molecules are not 
chemically ai.tive, at any rate, to the extent of blackening silver nitrate 
The likehhood of the trace corresponding to i 2, 0 is, therefore small The 
two types of metastabli atoms might each give rise to two traces, thus ± 2- 
±2/dfor*P3/2, ± l/Hor2P„2, ± 3, ± 9/5, db 3/5 for ± 6/5 ± 2/5 for 
The *P state is the more important for Cano and Kaplan’s theory and 
should be present to a greater extent than *1) The finding of a splitting ±1/3 
indicates that what registered its presence on the screen was the nitrogen atom 
in the metastable ^Pi/t state This thus furnishes a confirmation of Cano and 
Kaplan s theory in so far as it prov'es the existence of atoms m the metastable 
*P state and that these atoms arc chemically active 
Since there seems to be no theoretical reason why if is present ^Pi/z 
should not also be present, the failure to obtain evidence of the presence of 
the latter state must presumably be attributed to the exposure being in- 
sufficient to record it It was calculated, however, that if the two *P states 
were present to equal extents, and no other state which could produce a record 
on the silver nitrate screen, the longest exposures should have been adequate 
to show up the presence of the ±2/3 components at least and probably also 
the ± 2 components If, however, the *D state were also present to an extent 
less than the *P state, the exposures given might just fail to record anything 
but the *Pi /2 state Longer exposures could not, however, be given as then the 
whole screen would have been unpleasantly darltened by general scattering 
and any fainter extensions of the trace would probably have been missed 
The fact that the *P mctastable state was recorded whether the discharge- 
tube was run under conditions which gave the after-glow or in the glowlcss 
state when the walls were cataljrticAUy active, indicates the correctness of the 
suggestion of Cano and Kaplan that the absence of the after-glow is due to the 
deactivation of the metastable molecules by the W'alls of the discharge-tube 

Summary 

The Stern-Gerlach experiment has been applied to study the nature of a 
beam of active mtrogen The nitrogen was activated by means of a condensed 
electrical discharge and the presence of the beam was recorded by means of a 
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cliemical indicator, silver nitrate The results obtained indicated that the 
traces produced on the silver nitrate screen were due to nitrogen atoms in the 
metastable state This observation provides a conhrmation of the theory 
of Cano and Kaplan as to the nature of active nitrogen and the mechanism of 
the pioduction of the after-glow 


The E'lveigy of Crystal Lattices 
B) II JoNi-3, Trimtj College, Cambridge 
(Communicated by R H Fowler, F R S — Received March 20, 1930 ) 

1 nlroduclimi 

In order to calculate the potential <*nergy of a collection of a large number of 
atoms it IS necessary to use the quantum mechanical perturbation theory 
The choice of the uutial wave functions w ith which the perturbation calculation 
is to be earned out, is equivalent to deciding what model of the system shall 
be taken as the starting point ♦ In the case of erj stals the model which involves 
the simplest assumptions is that in which the crystal is regarded initially as a 
large number of atoms in their lowest energy state, arranged in a lattice , the 
lattice constant btmg great The perturbation theory is then apphed to find 
how the energy of the system changes as the atoms are brought slowly together , 
the lattice retaimng its origmal form It is not necessarily true, however, 
that when the separation has been reduced to that actually occurring in a given 
crystal that the system of normal atoms, adiabatically brought together, will 
be identical with the crystal itself Thus, for example, Hertzberg has shown 
that the deepest state of Nj does not anso from the adiabatic approach of a 
normal N atom, and a normal ion 

When the atoms of the lattice are still well separated it is possible to calculate 
the mean first order energy using a method given by Heitler f The determinant 
of the secular equation can be reduced, as Wigner has shown, to a number of 
irreducible sub determinants to each of which corresponds a particular term 
• In a paper by J C blater, m course of publication, dealing with the cohesive forces in 
metals, the problem of findmg suitable initial wave functions u considered m detail I 
have to thank the author and Dr J H Bartlett for kindly allowing me to see the 
manuscript 

t ‘ Z Physik,’ vol 48, p 47 (1928) 
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system, and of these, those which satisfy the exclusion pnnciple determme 
a given total spm moment The sum of all the energies belongmg to 
one-term system is then given by sumimng along the diagonal of the corre- 
sponding sub determinant This procedure, however, assumes that the 
initial wave functions form an orthogonal set In the case of a crystal the 
initial wave functions are to be taken as the product of the wave functions of 
the separate atoms, and these will only be even approxunately orthogonal 
when the distance between nearest atoms is great 
Such calculations, then, give but httle indication of what the potential energy 
of a crystal will really be For example, one would find that a cubic lattice of 
hydrogen atoms with no resultant spm moment would always have a very 
much lower mean energy than the same number of atoms formed in pairs , 
the distance between the two atoms of a pair being the same as that between 
two nearest neighbours of the lattice The fact that hydrogen forms a diatomic 
gas shows that this is actually not the case, and indicates that the calculation 
of the energy has been too rough It is to be remembered that hqmd and sohd 
hydrogen are still essentially molecular, as appears from the density The 
binding forces here arise from the van der Waal’s attractive forces between the 
molecules, which in turn probably come from polarisation effects They 
certainly do not appear from the first order perturbation interchange terms 
As a closer approximation to the actual case the perturbation calculation has 
here been carried out without assuming that the initial functions are orthogonal 
Of course, if the equation for the first order perturbation energy were actually 
solved, and the zero order functions formed, which are ]UBt Unear combinations 
of the mitial product functions, these would then form an orthogonal set 
The immediate result of retaimng the factor which expresses the non-ortho- 
gonality of the imtial functions (the S of Heitler and London’s paper) is that 
in the detenmnant of the secular equation the energy, for which the equation 
is to be solved, will appear in other elements than just the diagonal ones, and 
the summation along the diagonal will no longer give the sum of the roots 
Unlike Heitler’s method the method adopted here does not depend upon 
using the representation of the symmetric permutation group as a group of 
hnear substitutions It is found sufficient to use an expression first given by 
Frobemus* for the irreducible factor of degree f of the group determinant 
In this expression the coefficients of the variables of the group matrix are just 
functions of the characteristics Applied to the case of a crystal, takmg into 
* A general account of Frobemus’ work is given by Dickson m the ‘ Ann. Math.,’ vol 
34 (1901-1903) 
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account only those integrals which involve interchanges between nearest 
neighbours, the result etneiges that the coefficient of the interchange term in 
the expression for the mean energy decreases as the points of the lattice come 
closer together Thus the mean energy of the crystal depends to a much 
greater extent on the simple electrostatic potential energy given by the mter- 
lapping of the Schrodinger spaci charge, and to a much less extent on the 
mterchange integral than does thi bmdmg energy m a diatomic molecule 
For the case in which hjdrogeii atoms are regarded as placed m a simple 
cubic lattice, it is show n that the mean tnerg} of the crystal is of the same order 
of magnitude as the energy of the same number of atoms formmg a diatomic 
gas, instead of being much less as the simple calculation assuming orthogonal 
functions would suggest One could not expeit to get much more dchmte 
results so long as the interchanges between three and more nearest neighbours 
are neglected This is particularly the case with hydrogen atoms, since here, 
as there is no repulsive core, the minimum of the energy curve occurs for small 
separations of the atoms, where the approximation of considering only nearest 
neighbours begins to fail badly It is also shown that when the atoms do 
possess a closed shell lying behind the single valency electron, the potential 
energy of the crystal form always lies lower than the energy of the same number 
of atoms arranged as a diatomic gas Moreovei one sees also that in this case 
the closest distance of approach of the atoms will be greater, and the approxi- 
mation of considering only nearest neighbours not so serious 
§ 1 There are In ' different solutions to the wave equation for a system 
comprised of 2n widely separated hydrogi n hke atoms Each function is a 

product of In functions of fh*' individual atoms where the upper number 
refers to the nucleus A, and the lower to the electron I The different solutions 
arise by operating on the lower numbers of T], = separately by the 

2n ' permutations whuh can be made on 2« symbols The functions of zero 
order are linear combinations of these initial functions Te Tp, etc , 



the summation being taken over all the permutations If H be the Hamiltonian 
operator, the perturbation calculation as carried out by Heitler and London 
consists in making (H — E) Tq orthogonal to each of the 2r( ' functions 
E IS the total energy of the system 

Wf'le (H - E) Tq d- -r 0 
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As H IS symmetrical m all the electrons, the integrals involved become 
and the secular equation for the hrst order pertuibation energies is 

(1) |j;Q_,p(=0 

The left-hand side of this equation is just the group determinant in the \ ana bles 
/j{ of the snnmctnc group of degree In 

If ear h of the z nearest neighbours to the nucleus k be di noted by some number 
which can take z values for a given /, and /j/ is written for the distance 
between the nucleus k and the electron yj, for the distance between the 
electrons I andy^, and r* for the distance between the nuclei k andy^, then 
putting 

r„ >i h 

one finds that the terms of (H — EINKe which do not vanish idcnticall) can be 
written 

where k goes over the numbers 2 n, andy^ takes z values for each k of course, 
kji jic z 18 the perturbation energy Lengths are measured in units of Ug 
the radius of the first hydrogen orbit, and e m units of the energy corres- 
ponding to this orbit 

The wave functions for the separati atoms arc taken to be normalised 
but not orthogonal, when k and I are nearest nc ighbours, 



The variables of the group determinant are 


( 3 ) 


Defining 


( 4 ) 


^ B = j s ti (i,y*) - z} T/ dxy dr^, 
•^r = j { i (^,y*) - t} YgYp d■:^ d^,„, 

Jo = j V {k,3k) + fj) -I- 4' ( J) 
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one sees that Jj; can be regartled as the potential energ> of two spliencal charge 
distributions about two positive niich i which are noaiest neighbours, Jq as 
the potential « nergv of two eUipsoidal charge distributions occupying the same 
space, and interacting, of course, with the nuclei as well as hi tween themselves 
Now if P be a permutation of oukr greater than 2 saj 1, each term of will 
involve integrals which can bi regmled as the potential eiurgy of two ellip- 
soidal (hargi distributions about two different pairs of nuclei, but with one 
uuchus common to both pairs Intigrak of this tv pi will always be much 
smaller than 5, or Jq except whin the nueki are veiy ilose together The 
appioximation is made here of ncglerting ill iiittgnils txiept the tlirci just 
mentioiK d Thus, all jp aic kikeii to hi reio win n P is of ordi r gn ater than 
2 All the variables jp for vvhuli P is of ordei 2 must bt considered i < P 
may contain many cyclis of order 2 so long is no svmbol occurs twice Let 
siuh a permutation with x lycles he wiitten P„, <. </ Pj — {ab)(<d) 
lb nee from equations (2), ( ^), (4) om linds at on< c 

r iE-t/Jp-., 

It H to be notii ed that in each (use evc( pt ip fheie au x(z - 1 ) terms which 
have been omitted as they are inkgrals of tin foim 

j, --- 1 n (X , n,) +({)+( V ( ;;; ' 

m being one of thi (; — 1) nt arest ncighbouis to X other than J^ This integral 
IS of the same ordi r of smallness as thosi arising from permutations of order 3, 
and IS then fore to b» niglerted in our approximation \ctually there would 
bo no difficulty in retaining these terms if it wtn woith while to do so 

The highest value which a can take is n, so that the irreducible factor of 
degree / of the group determinant will be a homog« neous function m the 
(a -f 1) variables jp, rp, rj It may therefore be written 

n (Jk I- Pl*-^!'. + I + ) 

The numbers fj,* p,.' will, of loiirse, in geneial bo different for each 
factor, to each of which there will correspond one value of the perturbation 
energy If one writes 


(6) 
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there follows at ouce bj (5) 

Z.W. = zJe - (P,*^ + 2P/5* + + wp/m 

+ Jo(Pi. + 2p/5 + 

or 

Forming now the mean energy for the whole term sjstem, and writing 

0 = iW, 

one has 

( 7 ) i = =><Ji +7 

As can bo seen from its dehmtion ‘I> is just the irreducible factor of the group 
determinant which is being considered, but now the variables are 

instead of the Xp. It remains therefore to determine i as a function 

4) <1^ 

of 5 It may be mentioned that if the integrals had been retained a term 
approximately (s — 1) woidd appear in the factor (Jq — zJ^^) The 
effect of this would be to keep the interchange term finite as the nuclei 
approached infinitely closely together , for ordinary values of the separation it 
IS unimportant 

§ 2 An expression for the irreducible factor of degree / is as follows — 



The svimmation is over all X for which 

Xi + 2X^ -f- + A Xft 4- f>^f —f 

The numbers X^ are either 0 or positive integers, and 

(9) /(RjRj R*)5 k.?b. U 


Here the summation is taken over all R* as each goes separately through every 
permutation of the group / (P) is the characteristic belonging to the irreducible 
factor of degree / and the class of which P is a member We define a function 
iftf by the equation 


^Xi'X,.' Xy'll^ 


where 

(10) 


^1 + 2X2+ +j'^j=J 
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and the S’s aro still given bj (9), i » , they belong to the factor <1) Differ- 
entiating (f>j partiallv with respect to 


and condition (10) maj be written 


XH X, + Mai - 1) - 


If X* > 0 then all >^-a+,„ = 0 foi / 


k, bO that (11) becomes 


Xi ~f -X, -f +A/'t {j — k) Xj-i — j — k. 
where all X’a including X'*, are 0 or positive integers Thus 

^ = 

when X* > 0 As (b = <^/ it follows that 

because when \ — 0 = 0 The leipured function maj therefore be 

dz, 

written 

(13) 

^ «l> 1-. <f>f k 

When ^ = 0, 8^ = / (E) — / and if one puts - Pj one sees that these 

are the coefficients in the equation 

+ pixf ^ ' + P^^^' + ■+ P/ — 9 

when this has / roots equal to umty, t < the pj are just the binomial coefficients 
( — Forming now the expression 




one shows that F (^) = 0 for all j ( 


are all zero Of course, both and are functions of ^ and the vanishing 

<h 
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of F (5) identically does not imply that the summand vamshes for each 
value of L One obtains in this way the simple formula for the reqmred function 

( 15 ) ^ a-! i a 

<!> dt r, k di 

From the expression giving one sees that (11) can readily be obtained in 
ascending powers of the cocffiiients being functions of the characteristics 
which are easily calculable 

The derivatives of F at ^ — 0 can be shown to vanish by employing equation 
(12) to carry out the differentiation , and then as when ^ — 0 <^j, becomes just 
the binomial coefficient each F'"’ (0) can be obtained Tt is convenient 
first to consider the following ^ xprcssion in which g {k) is a function of the 
number k, not of ? 


2 9{k) 






' I dl 

*-i 1=1 




Also 


,d^\ 


- lieing the nuinbir of considered pimiutations 


of class P Using the properties of the binomial coefficients it follows at once 
that 


w) (i. ’ I “ i/-' 


/-I 


Taking special values of g (k) one has the following results 

(17) 


(18) 


(19) 




It IS easy to see that this type of relation is general and will hold for any number 
of factors (k — 1) (^ — 2) {k — 3) less than / 

For the first derivative of F one has 


iri di\ j,} hdi tt, \ 4>f Pf i k 
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Since 


V/fc dVi 


13 independent of h the first term 


for 5 = 0 vanishes by (17) 


and clearly the set oud t« rm also is zero when 5—0 
For the second derivative one has 


Therefore = 0 

'(15 £-0 


rid 5 *' + \-. d 5 'ir 


I <^/-t 
1 1 


When 5 = d the last term vanishes Also a 


Pf-A 1 d% 
Pf I k d5® 


t ^(^— 1)^1 /(FilV 

the hrst term of the second member vanishes by (17), and the second term by 
(18) The first term IS 


<f>i jkdl 


_ d 1 dS^d^, / 1 d% d\i^ 

<f^f Ik i t /5 (/5 + iti 1 * 5 , k Idl^dl 


iti ,r, di \ <j>, if Ik I di di 

_ V V ^f-1 4>!-i t d% ^ 

itiir, i, if k idi^ di 


When 5 — 0 the third terra of this expression vanishes by ( 17) whilst the first 
term is apart from a constant factor 


1^1 (i5^ if J 


(k-l) 


J. iiLJ:] 
dV <#-// 


which vanishes when 5 — 0 by (18) The second and fourth terms do not 
vanish individually, but reduce to the same value and caned each other 
Noticing that 

(21) S 2ti(^-l)(^-2) (^_r)=-- (-!)'+' r' 

*”i Ps 

for r </, and using (20) it is easy to reduce both to 

^hvj (Pa) Ae./(P,) - Ap, / (Pi) S/ (PiP'x) 

Thus one show s that F" (0) = 0, and as can easily be seen the same process 
may be applied to other derivatives, when it will be found that the third and 
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higher ones also vanish As it is m any case only possible to obtain the first 
few powers of ^ ^ ^ ** would be no essential advantage to prove rigorously 

that every derivative of F ($) vanishes at 5 = 0 
§ 3 To find the coefficients of the powers ^ ^ ^ according to equation 

(15) one has first to express dSjt/d^ in ascending powers of % 8^ is given in 

equation (9) and remembering that where is the number of 

cycles of order 2, no symbol m the whole permutation being repeated 

(22) ^ (5r, 5r.) = («x + «2 + + »i) 5“''*^“*'^ 

The r"* power of $ in is the one for which 

«i + ai4- +a<=r-l-], 

and the coeflicient of will be obtained by considering the ways m which this 
can be satisfied To obtain the coefficient of will be a sufficient illustration 

*1 + = 3 

This may be satisfied in A ways in which one a = 1 in - ways in which 

ac = 2, ai = 1 so that > a, when A < I and again in — wap so 
that ax < xi when A < i, and finally in ways in which 

aj = ai = a* = 1 the rest being zero The coefficient of m rfSx/d^ is 
therefore 

(23) 3A S X (Pa) + ^ * (A - 1 ) S z (^ 2 ^ 1 ) + j * (A - 1) S / (P,P,) 

+ ~ (PiP/Pi") 

the summations being over all permissible values of each permutation indicated 
The prime is used to distinguish different permutations of the same class 
The permutations arising from the products PiP^ may be of three different 
classes, viz , (ab) {cd) {ef), (abe) (de), {abed) There will, however, be the same 
number of each class given by PjPj as by PgPi, so that although frequently 
PjPj ^ PjPj the second and third terms of (23) are equal 

Multiplying (23) by i the summation over all k is carried out at once 
A pf 
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by (21) and one has hnally (the other coeflhcients being obtained in a similar 
manner) 

ha2^2 + a 3 ; 3 -f 

where 

«o = 2:/(P.) 

(P2)-l/(PiP/) 

«, 31/ (P 3 ) - 11/ (P,P,) 1 - 1/ (P,P,T/') 

113 -- 11/ (P4) - 41/ (P^Pa) - 21/ (P„P,') + 41/ (P,P,P,') 

-l/(PiPi'P-p-) 

As a special cast one ma\ put - = 0 wh« n 

i - 3 r ' j/ (Pi) Jo 

which 18 just lleitler s result applied to a crystal lattict then being jiist zn 
values of Pj 

One has now to lonsidti tin values of thcst coefficients when the 2« atoms 
form a special type of lattice The only case considered is that of a simple 
cubic lattice for which 2 — 6 Although one still writes z for clanty it is to 
be remembered that the following exprtssions are obtaintd just for this value 
of z The number of pei mutations of a given < lass R is writti n Ar, so that 

( 26 ) ao="Ai./(Pi) 

It IS convenient to ha\ e diffe rent letters for the different classes of permutations 
consisting of a single tycli Thus one may put 

Q= (abc), U — (abed), H = (abrdi), 

then one can write 

/ (PiPi') - Ap./ (E) + Agx(Q) + 2 hv./ (P3) 

The 2 occurs m the last term because each Pj arises twice from the products 
PjPi' There follows also an equation between the /t’s 

(26) Ap,* = 2Ap, + Aq + Ap, 

Thus 

( 27 ) a, = — {Ap,x (E) + Aq/ (Q)} 

The determination of the other coeflicients is a little more difScult First 
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Therefore 


(28) a, = S S / (P3) - S X (PaPr) + 2 x (QPi) + V/ (Px) 


For each value of Pj there are two Pj such that PgP^ — P^' Thus S / (PgPi) 
gives 2hp, values of / (Pj) For each possible Q there are two Pj so that 
QPj = Pj' Hence 2 / (QPi) gives 2 Aq values of x (Pi) Altogether, therefore, 
Og coutains (— 'Ihp, -f- ‘2 Aq + Ap,*) values of / (P^) Now the permutations 
Pg fall into three different types which must be treated separately They are 
written Tj, Tg, Tj, and are defined by Tg = (ab) (cd) where a and c, b and d are 
nearest neighbours Tg — {ab) (cd) where only o and c are nearest neighbours, 
and for T3 neither a and c nor b and d are nearest neighbours It is then easy 
to see that 2 / (PgPi) contains (2Ax, + Ap.) values of x (H) Also one finds that 
there are (3z 4) values of Pj which make QPj = R so that 2y (QPi) contams 

just (32 —• 4) Aq of x(P) terms involving Ap,, Ap,, etc , so that higher 
powers of 71 than the first occur cancel each other This is readily verified in 
the coefficients up to «3 which are given here, and clearly must always be the 


case, otherwise ^ -p- would depend on a higher power of « than the first which 
physically is absurd Using the expressions given and equation (28) 


(29) ag = (iA« + Ap.)x (P,) + {(32 - 4) Aq - (2At. + At.)}^ (R) 


In the same way one can show that 

( JO) a, = - {2A« -f- Ap.) / (E) - {(42 - 1) Aq + 8At, + 4At,} x (Q) 


and 


(31) 


- {(32 - 1) (2 - 2) Aq - 8 (z - 2) At. - 2 (22 - 3) At.} x (S) 
Ap. — nz, 

Aq = 2 (z — 1 ) »z. 

At, = \ {z ~2)nz, 

, At. = (2* -32-1-3)712 


The characteristics are readily calculated by Schur’s method described by 
Heitler, and one finds that for the term system corresponding to no total 
resultant spin moment, and for large values of n so that only the highest powers 
need be considered 


x(E)=/, x(Pi) = t/, /(Q)-l/, /(R) = i/, x(S) = tV/ 
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Hence 

r «o - 

I «l = — i (2 +!)«“/■ 

1 - n)«:/, 

Those values, as has already been said, will only bt actually true for a simple 
cubic lattice In this case the coelhcient of the interchange integral m the 
expression for the mean energy of the crystal is shown as a function of ^ m 
hg 1 The dotted line is merely a possible cxtiapolation 

0 5 


04 
i rf* 

4> di 
0 3 


0 2 


0 1 



1 d<t> 

FlO 1 — Curve showing as a fun< tion of 5 
M> a. 


As a special case which provides a check on the calculations the case of a 
system of 2n hydrogen atoms taken in pairs may^ lie considered From Heitkr 
and London’s calculation the mean energy over the /states must lie of the form 


m being some integer less than n When the mean energy is put m the fonn 
of equation (7) one finds that the coefficient of (Jp — is 

2-^ - = (» - 2m) - + (M - 2m) - 7i« + 
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The values of the coelhcients a^, Oj, etc , are easily calculated when each atom 
has only one nearest neighbour One finds 

lido I “I I 

7o + 

When m «/4 the two expressions become identical One could not say 
a priot i what value m should have The mean it is to be noticed is taken over 
/ = 2 h '/n ' (w 4- f ) ! states of the system 

The application to a system of hydrogen atoms plated at the pomts of a 
simple cubic lattice is shown in fig 2 Curve (1) gives the electrostatic potential 



Fio 2 — The curves refer to a collection of hydrogen stoma arranged m a simple cubic 

lattice (2) IS the mtei change term (3) the interchange term times ^ (1) is the 

<P 

oontribntion to the energy from the purely olectrostatio attraotions (6) gives the 
energy of the lattice taking ^ into aooount , it ts only approximate aa the lower part 
of (3) depends on an extrapolation of the curve m fig 1 (4) the energy of the lattice 

\v hen $ 18 assumed zero 


energy of the interlappmg space changt s, (2) is the interchange term assummg 
orthogonal imtial functions, (3) the interchange term taking ^ into account 
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The lowest energy state of the same number of atoms as a diatomic gas will 
be approximately one-third of the value of the minimum of curve (4) The 
energy of the crystal form is given by (5) and one sees that the minimum of this 
13 still lower than that of the lowest gaseous state, though not nearly so deep 
as when the non-orthogonahty of the mitial wave functions is entirely neglected 
To get a closer approximation one would have to consider other interchange 
integrals than just those arising between pairs of nearest neighbours 

If there exists a closed shell behind the single valency electron, it does not 
reduce the value of Jjj, but very greatly reduces the value of the interchange 
integral The curves (2) and (3) would then fore have smaller gradients, and the 
ratio of the minimum of (4) to that of (^) w ould be less on account of the Jj; curve 
remaining the same As the energy of the gaseous, i e , the diatomic, state 
IS determined by (1), being very nearly one third of this it is seen that the 
presence of an inert gas-like shell, by reduemg the importance of the interchange 
integral, results in giving the crystal configuration a deeper energy minimum 
relative to that of the molecular state than is the case for hydrogen atoms 

T wish to express my thanks to Mr R H Fowler for his valuable suggestions, 
and stimulating encouragement during the course of this work 


von cxxvii —A 
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The Geographical Represenlatvon of the Mountains of Tibet 
By Colonel Sir Sidney Bubrard, K C S I , F R S 
(Received March 18, 1930 ) 

Tibet 18 the great protuberance of the Earth’s surface, and many branches 
of science rely upon geographers for the accurate representation of its features 
The most definite features of mountain masses are the high peaks, and the 
determination of their positions is the first geographical step As the area of 
Tibet exceeds a million square miles, it has bein necessary to classify its 
myriads of peaks, and the method of classification adopted has been to group 
the peaks according to the mountain ranges upon which they stand Geo- 
graphers have utilised the ranges as their basis of classitication, and geologists 
have relied upon the curvatures of the ranges iii their consideration of the 
pressures which have caused the uplift of the continent of Asia By “ ranges ” 
we mean features of original structure , a line of mountains that has been 
carved by rivers out of an older mass we tall a ‘ ridge ” 

The southern wall of Tibet is the range of the Himalaya which separates it 
from India The northern wall is the Kuen-Lun range which separates it 
from Turkestan Between these two border ranges the Karakoram forms the 
central backbone which is the second highest range of mountains upon the 
earth The width of each of these ranges is of the order of 100 miles In 
this paper I am considermg the form and the alignment of the Karakoram 
range, and I will divide this consideration into three sections (1) The align 
ment , (2) the northern slopes , (3) the southern slopes 

(a) The Karakoram Alignment across Western Tibet (1866) 

(Sec Map I ) 

The ahgnment of this range has proved more difficult than that of the 
Himalaya The latter rise out of the low lying plains of India and are so 
conspicuous that all other features are dwarfed But the Karakoram rise 
from a plateau, where the ground-level is 16,000 feet high, and only the highest 
features emerge above the surface of the table-land In tracmg the course 
of such a range we have to rely upon three classes of observation (i) altitude , 
(u) the hues of dramage , (ui) the contmuity of the curvihnear ahgnment 
The mam features of the Karakoram were determined in 1866-1866 by 
Colonel Montgomerie’s surveys, and are shown here in map I The crest-lme 
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of high peaks extends from A on tlie map to E, a length of 170 miles The 
peaks are named as follows - 

A— group of 4 Hunza-Kunji peaks, 1 of which exceed 25,000 feet 
B— group of 3 Kun]ut peaks, one of which exceeds 25 000 feet 
C— the peak of K2, the second highest point on the globe, height 28,260 
feet 

D— Teram Kangri peak, height 24,430 feet (discovered 1909) 

E — peak near the Rimo glacier, 21,320 feet (discovered 1914) 

From F to G, a length of 1 10 miles there is another line of peaks somewhat 
lower, and 20 miles distant from the higher crest-line The probable explana 
tion of this parallel line is that the original summit was a wide flat topped 
zone A difference noticeable between the Himalayan and Karakoram maps 
18 that the glaciers of the former tend to flow in directions transverse to the 
range, whilst those of the latter have formed longitudinal beds This difference 
18 probably due to the original formations of the summits 

The watershed between the drainage basins of the Indus ind Yarkand rivers 
18 shown on map I by a dotted line This is the Central \sian divide , for a 
length of 140 miles it coincides with the Karakoram crest but on the west and 
on the east, in Hunza and Depsang the feeders of the Indus have cut back 
and have caused the watershed to recede behind the crest to a distance of 40 
miles on the west, and of 20 miles on the east m Depsang 
From A to E the crest line is so lofty that from longitude 74° to 77° the 
ahgnment is not open to doubt, but east of the Riuio peak at E the following 
changes in the topography occur together 

(1) The crest-line decreases in height, and peaks of 23,000 feet are no longer 

seen 

(2) Owing to the rainfall on the southern slopes being heavier than on the 

northern, the Upper Shyok river has been able to cut back through the 
range and to capture a small diamage ao a, Depsang, from the Yarkand 
river 

(3) East of the Shyok river the rainfall almost ceases, and the river is 
replaced by inland lakes The Central Asian divide gives place here 
to the inland basin of Tibet The erosion by glaciers and rivers which 
has given to the Karakoram range its sharp and rugged character also 
ceases, and in the dry climate of Tibet the decomposition of rock fills 
the hollows with sand and gives to the mountains a rounded 
appearance 
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(6) The Prolongation of the Alignment into Central Tibet (1874 to 1909) 

In 1870 the opinion held by Colonel Montgomeiie was that from longitude 
74° to 77° the range was aligned as shown m map I, and that near longitude 
78° the range was cut across by the gorge of the Shyok river, and that its 
easterly prolongation was not known In 1874 the survey sent the pundit 
Nam Smgh to explore Central Tibet, but his explorations were begun 
south east of Montgomerie’s surveys, and no connection was estabhshed 



between the two Nam Singh’s route lay to the oast of map I, in latitude 
32° , he was impressed by the high snowy range he saw to his south This 
range was 120 miles north of a range known as “ the Kailas,” which had been 
fixed by earher explorers, 1846-1860 (Many years later, 1904-6, Ryder and 
Wood made a survey of the Tsangpo nver m southern Tibet and observed 
peaks on the Kailas range between latitude 29° and 30° ) The view adopted 
by the Survey, 1878 to 1880, was that Nam Smgh’s range was probably the 
easterly contmuation of the Karakoram The possibihty of such a con- 
tinuation was faintly indicated m the map of the Mountains of India, prepared 
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for the Hotisc of Commons, 1880 Up to 1908, however, the range Imes were 
broken on charts to show that their contmuity was hypothetical 
In 1900 Sven Hedin published the results of his explorations m Tibet, 1906 
to 1908 He had explored the whole country between iSam Smgh’s range and 



Map II — The alignment of the Karakoiam range as shown m 1928 


the Kadas range, and he had discovered that these two apparent ranges were 
the north and south borders of one grcAt range, over 100 miles wide This 
immense range was called by Sven Hedin the Trans Himalaya He showed 
that the Trans-Himalaya embraced the range, known to the Survey as the 
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“ Kailas ” In his book published m 1909 Sven Hedin also showed that 
the prolongation of the Karakoram range through Central Tibet was 2° 
further north than had been thought On the north his explorations fitted 
in with those of Deasy and Rawlmg The straightening of the eastern 
prolongation of the Karakoram range by Sven Hedm enables us with 
confidence now to continue the alignment of this range to the eastern hmit 
of map I 

(c) Recent Coyifirmalions of Montgomerie's Alignment (1908 to 1922) 

In 1909 Dr LongstafE explored the Karakoram crest , near the point D 
on map I he found that a bay m the watershed, 30 miles across, had arisen 
from an error in the origmal survey of the Siachen glacier By this discovery 
LongstafE straightened out the watershed, and showed that it conformed to 
the crest hne Also by his further discovery of the peak of Teram Kangri he 
proved that the high crest-lme was contmumg on the same alignment, as it 
had followed from Hunza to Qasherbrum 
Since 1914 the surveys of de Filippi and Wood* have given additional 
confirmation to the correctness of the accepted alignment Their maps of 
the Karakoram watershed (well known in geography from the Karakoram 
pass that crosses it) shows that this watershed is a “ riJge ” carved out of the 
northern slopes of the Karakoram range 

(d) The New Alignment advocated in 1928 
In 1928 a Report on the “ Exploration of the Shaksgam VaUey ” by Major 
Mason was published by the Geodetic Branch Office of the Survey of India 
In this report the alignment of the Karakoram range, as described in this 
paper and as illustrated in map I, has been altered Map II of this paper is a 
copy of the map given m the report to illustrate the new alignment The two 
maps can be compared, as the high crest-lme on map I can also be seen on 
map II running from the point marked K2(28) to the Rimo glacier (across 
three of the new alignments) , the Karakoram pass is also shown on both 
maps I had to draw map I on a smaller scale than map II, because it was 
necessary to embrace a larger area m order to test the results of the new changes 
Major Mason has complicated map II by mtroducing many ranges, where his 
predecessors had shown only one The high orest-line in map I trends from 
W N W to E S E , the range-lines of map II trend from N W to S E The 
change m direction amounts to 20’’, and in order to illustrate its efEeots I have 
* Cokmel Wood worked with the de Vilippi expedition, 
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drawn on map I one of Mswon’s new bnea and marked it M-M This hnn on 
map I enables the proposed change m the Karakoram alignment to be appre- 
ciated Major Mason’s several range lines are more or leas parallel, and the 
range which 1 have copied from map II into map I is that which runs from 
Aghil Depsang to Depsang Major Mason, referring to the old ahgnment 
which had been adopted by his predecessors m consultations with geologists, 
wntes as follows “ The Karakoram range has been allowed to tut across the 
mountains that I have shown as belonging to the Aghil cham ” And he goes 
on to say that his “ conception of the Aghil cham must necessarily change 
all this ” 

The Survej or-General (Brigadier E A Tandy) expressed his approval of 
map II in the preface which he contributed to the report He drew attention 
to the special interest attaching to “ the great divide between the dramage of 
Central Asia and the Indian Ocean,” and h« added that “ the interesting 
character of the drainage < an best be studied ” from map II A study of 
map II shows that h\e of the new ranges ha\o been made to intersect the 
“ great divide,” as if dramage was independent of altitude On map II the 
Karakoram pass, which is on the great divide, si ems to be standing on nothing 

My objections to Major Mason’s aligimicnts may be summarised as follows 

(1) His mountam ranges have no relation to the drainage 

(2) His ranges are shown cutting across the high Karakoram crest line 

which 18 the dominant feature of the region 

(3) His alignments if prolonged beyond the western and eastern borders 

of his map II become further and further removed from the real Kara- 
koram range 

The map showing Mason’s new alignments has been given wide publicity 
1 take this opportumty of advtsmg geologists and meteorologists and all who 
are mterested m small-scale maps to consider the questions at issue before 
they accept the new geographical representations 

(«) The Northern SUypes of the Karakoram 

Between 1890 and 1900 the idea came to be held that a separate range, 
the Aghil range, was standing north of the Karakoram, between the latter 
and the Kuen-Lun There were grounds for believing that high mountams 
were standing there The possibility of an Aghil range was occasionally 
indicated on maps, but without further surveys it was known to be hypothetical 
In 1914 Colonel Wood made a survey of the Central Asian divide and of a 
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considerable area beyond His map showed that there was no Aghil range 
The ground level is high and rugged, but not more so than is to bo expected, 
when we consider that it is the flank of the second highest mountam cham in 
the world The general slope of the ground is downwards from the Karakoram 
crest to the Yarkand river, and this is an indication that the whole area was 
involved in the crustal fold which raised the Karakoram Not only does the 
ground slope gradually downwards, but its highest points, a few of 22,000 feet 
and one of 23,000, occur immediately opposite that section of the Karakoram 
crest in which the greatest altitudes have been observed The ranges of 
Tibet are the govermng hues of the plateau, and it appears from Wood’s and 
Mason’s surveys that there is no such governing line m the Aghil area The 
evidence furnished by the drainage leads to the same conclusion, for th( 
feeders of the Yarkand and Karakash rivers flow straight away from the mam 
divide without encountering any serious obstacle 

The mterestmg problem of the Aghil area is the deep trough of the Bhaksgam 
river , it was discovered by Sir Francis Younghusband in 1887 That this 
trough owes its origin to the glaciers of the Karakoram seems beyond doubt, 
for it only exists, as a trough, below that section of the range (from C to D 
on map I) where the altitude of the range is greatest The drop from the crest 
to the trough is abnormally steep, but it cannot be said to be umque , there 
IS an equally steep drop behmd the Himalayan peak of Dhaulagiri, and there 
may be other similar instances 

The “ Karakoram pass ” has had an important place in geography It is 
the only feature of the country that has been well known for centimes to the 
travelling population of Ladak and Turkestan, and it has been a landmark 
m modern geography From 1865 to 1880 the opimon held by the Survey 
of India was that the Karakoram pass was situated north of the mountam 
crest upon a mmor ridge, to which the Shyok river had been able to cut its 
way from the south From 1890 to 1900, when the existence of an Aghil 
range m rear of the Karakoram was considered probable, an idea grew up 
that the Shyok nver imght have cut back into the trough between the two 
ranges This idea was conjectural and had been borrowed from the Hunalayan 
analogy , a trough exists behmd Moimt Everest and Dhaulagm, into which the 
nvers drauung the front Himalayan slopes have been able to cut back The 
pubUoation of de Fihppi’s and Wood’s surveys has taught us that no trough 
exists behmd the Karakoram Their maps showed that the Karakoram pass 
is situated on a ndge m rear of the crest-hne, and that this ndgo has probably 
been carved by the Shyok tributaries out of the massive flank of the range 
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An interesting confirmation of this view is to be obtained also from de Filippi’s 
map* , he shows that the Rimo glacier is situated upon the great divide, so 
that on one side it is feeding the Yarkand river and on the other it is feeding 
the Indus The idea is thereby suggested that the watershed is recedmg 
northwards, and that in its recession it has robbed the Yarkand river of a part 
of the Rimo glacier, and that it will in time rob it of all 

(/) The Southern Sloper of the Karakoram 
The southern slopea present more difficult problems than the northern 
Not only does the great range of southern Tibet come into contact with the 
Karakoram range, but there are two isolated masses surmounted with high 
peaks, marked upon map I as S and H, which cannot be allotted with certainty 
to either of the two ranges The Kailas range is the prominent feature of 
Southern Tibet from east to west , its position is shown on map I near the 
south-east corner Sven Hedm describes this range as it traverses Central 
Tibet as follows “ It is 1400 miles long , m breadth it is mferior to the 
Himalaya, and its peaks are lower, but the height of its passes are greater 
than those of the Himalaya On the north and south its boundaries are 
sharply defined ” Nam Smgh observed its northern boundary, Ryder and 
Wood surveyed its southern flank from the Tsangpo 
On map I the Karakoram and Kailas ranges are seen to be converging towards 
one another, as they trend westwards As far as we can judge from surface 
observations, these two ranges must be in actual contact when they reach the 
Upper Shyok river (longitude 78°) What happens to them when they meet 
cannot be discovered without geological investigations Along the bne of 
their contact we see the two high isolated ridges, the Sasir and the Haramush, 
marked S and H , such isolated masses, 26,000 feet high, are abnormal m that 
they do not occur in the Himalaya so far from the crest-line There are 
reasons for thinking that there is an interrelation between the two ranges and 
the two isolated masses , the Sasir mass, S, rises out of the flank of the Kara- 
koram range where the latter comes into contact with the Kailas , so long as 
the two ranges remain m actual contact, the Karakoram attains an altitude 
considerably higher than anywhere else Finally when the two ranges agam 
separate, as they appear to do in Hunza (longitude 75°) the Karakoram declmes 
m altitude whilst the second isolated mass, known as Haramush ridge, H, 
rises hke the Sasir mass out of the flank of the range 

• ‘ S}>6di*ione Italmna d© Fihppi,’ »er 2, vol IV , pi XT 
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Geographical surveyors have to draw their conclusions from observations 
of the Earth’s surface The valuable testimony of the rocks out of which the 
mountains have been built is not available But the geological results of the 
de Filippi expedition wiU shortly be published The requirements of nomen- 
clature occasionally lead geographers mto the regions of h}rpothesis , m the 
course of the long Karakoram investigation the hypothesis was at one time 
adopted that Nam Smgh’s range was the easterly prolongation of the Kara- 
koram, but this was afterwards shown to be wrong Such an hypothesis 
serves, however, a temporary purpose, m that it shows the way for future 
research 

When two great earth-folds like the Karakoram and Kailas come mto con- 
tact and become temporarily merged, it is not possible from surface observa- 
tions to discover exactly what has happened But the necessities of classi- 
fication and of nomenclature have been pressmg the Survey to include the two 
isolated mountain masses, Sasir and Haramush, in their system of ranges, 
and to allot them either to the Karakoram as spurs, or to the Kailas as high 
pomts of its crest-lme But any such steps, though m some ways helpful and 
suggestive to future surveyors, are merely hypotheses Our inability to 
understand the complexities of the orography should not, however, lead us 
to mimmise the great amount of geographical knowledge that has been built 
up during the last 100 years, or to forget the debts that we shall always owe 
to the self-sacrifice of the geographical explorers 
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HENRY JOHN HORSTMAN FENTON-1854-1929 

Henry John Horstman Fenton was born at Ealmg m 1854 He received 
his earlier education at Magdalen College School, Oxford, and afterwards went 
to King’s College, London, where he studied chemistry under Bloxam Dunng 
the time that Fenton was at King’s College the Clothworkers’ Company 
instituted an exhibition m physical science tenable for three years by a non- 
collegiate student at Cambridge Fenton applied successfully for this 
exhibition and, m accordance with its conditions, entered the University of 
Cambridge in the Lent Term, 1875 In his hrst year at Cambridge he gained 
an entrance scholarship at Christ’s College, where he was admitted m May, 
1876 He was then 22 and thus older than the majoritj' of undergraduates 
His chemical knowledge and experience were also greatly m advance of those 
of men of the same tmiversity standing, and while still an undergraduate he 
was made an assistant dt monstrator by Prof Liveing He had a very inde- 
pendent spirit, and it was therefore perhaps not unnatural that he chafed at 
the discipline then imposed on members of the Univi rsity ifi stain pupiUan 
and not infrequently came into conflict with University and College authorities 
In fact, to the end he cherished a certain antagomstic attitude towards uni- 
versity authonty He took the Natural Sciences Tripos m 1877 — it was at that 
tmie not divided into two parts —and was placed in the First Class along with, 
amongst others, Adam Sedgwuk, the zoologist, F 0 Bowen, afterwards 
Professor of Botany at Glasgow, and Alex Hill sometmic Master of Downing 

On the resignation of the then Universitj Demonstrator of Chemistry, 
John Wale Hicks, of Sidney Sussex, afterwards Bisliopof Bloemfontein, W J 
Sell was appointed to succeed him, and an Additional Demonstratorship of 
Chemistry ” was instituted by the University and the post was assigned to 
Fenton 

The Umversity Department of Chemistry was then accommodated in a 
budding, since removed, which stood on the southern part of the east side of 
the Old Botanic Garden site and afterwards served as part of the Pathological 
Laboratory 

Several of the colleges had their own chemical laboratories and these were 
run in competition with the Umversity laboratory This competition con- 
tmued for many years after the erection in 1887 of the new Umversity Chemical 
Laboratory facing Pembroke Street, though in an ever-lesscmng degree as the 
college laboratories one by one were given up The greater part of the 
teaching in the University Laboratory was carried on by SeU and Fenton, and 
m spite of their (hfferent temperaments the two men worked together in 
harmony untd their association was terminated by the death of Sell in 1915 
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Fenton’s lectures were for many years an outstanding feature in the instruc- 
tion given in the University Laboratory He took immense pains m their 
preparation and although in lecturing he affected an air of indifference and a 
somewhat indolent manner, actually he dehvered them with very great care, 
and he was extraordinarily successful in stimulating the interest of the abler 
men He scrupulously avoided dogmatism He endeavoured, so far as 
possible, to present each subject as a debatable question on which there were 
diverse views to be discussed, to balance the evidence for and against every 
inference and to induce his hearers to use their own judgment and draw their 
own conclusions The value of his lectures was greatly enhanced by the informal 
discussions which he encouraged , at the close of every lecture a number of 
eager young men would come down to the lecture table and engage with him m 
a discussion, often prolonged, of the subjects in which he had aroused their 
interest Those who brought their difficulties to him found him unexpectedly 
sympathetic, and he would deal exceedingly gently with one who asked a 
thoughtless or an ill-considered question 
The course of expenmental work m general and physical chemistry which he 
devised to illustrate his lectures was very carefully thought out, and during 
the eighties, and even later, the type of laboratory work being done by his 
class was probably umque Although his chief interest always seemed to lie 
m general and physical chemistry, the greater part of his origmal work was 
earned out m orgamc chemistry His earher work consisted of a senes of 
investigations on the action of hypochlorites on urea and related compounds 
A pupil of bis (Mr Street), wishing to estimate urea, happened to use, instead 
of sodium hypobromite, a strongly alkahne solution of sodium hypochlonte 
and found that only half the expected quantity of nitrogen was evolved Fenton 
followed up this observation and discovered that the missing half of the 
mtrogen was present in the solution as sodium cyanate He gave an 
explanation of the phenomenon a few years later At the same meeting of 
the Chemical Society (June 20, 1895) at which Walker and Hambly com- 
mumcated their well-known experiments on the transformation of ammomum 
cyanate mto urea Fenton read a paper giving an account of experiments he 
had been makmg on the same subject, using the action of sodium hypobromite 
to measure the rate of change Finding that the transformation of the ammo- 
mum cyanate was never complete, he inferred that ammonium cyanate and 
urea were in tautomeric equibbnum and concluded that, whilst the more 
reactive b 3 rpobromite attacked both the urea and the ammomum cyanate 
(hberatmg all the mtrogen from the former and that present as ammomum from 
the latter), the hypochlonte attacked the ammomum cyanate only and thereby 
disturbed the equihbnum of the system so that the whole of the urea was 
finally converted mto mtrogen and s^um cyanate In other papers he showed 

that hypochlontes and hypobromites hberated different amounts of mtrogen 
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from several mtrogenous compounds and in this manner he proved that 
ammomum carbonate m presence of water was in equilibrium with a small 
proportion of ammomum caibonate 

nh4'-i C03"_:nh^ co/ + HjO 

What 18 probably to be regardid as Ins most important work is that con- 
nected with the discovery and investigation of dihj droxymalcic acid It 
extended over many yeais, for the initial observation from which it grew was 
made during his first } ear as an undergraduate at Cambridge The story current 
in the laboratory in later vcais w is that a fellow student, amusing himself 
by mixing reagents at random, chanced to obtain a violet coloration which he 
showed to Fenton Fenton was keenly interested in the observation, and he 
found out the essential reagints which wire concerned in the production of 
the colour, namely, tirtaric and, a ferrous salt, hjdrogen peroxide and excess 
of caustic alkali He re [torted the disc ov i r\ in a letter to the ‘ Chemical News,’ 
entitled “ On a New Reaction of Tartaric Acid,’ and dated Christ’s College, 
Cambndge, April i'i, 187b lit was at first disposed to regard the colour as 
being due to the production of a ferrate, but in a few >ears later (in 1881) he 
published a second letter in the ‘Chemical News’ in which he showed that 
the colour arose from an non derivative of an oxidation product of tartaric 
acid since the colourless solution obtained after removal of the iron gave the 
colour again on the addition of a feirous or ferric salt 

After several jears lie took up the problem again, and in 1894 he discovered 
how the new oxidation product could be isolated — it could be salted out from 
the reaction mixture by the addition of fuming sulphuric acid - and in a series 
of papers extending over the jears 1894 to 1902 he described its reactions and 
relationships It had the formula C 4 H 40 # ifis formation from tartanc acid 
thus involved only the loss of two atomic proportions of hydrogen It was a 
dibasic dihydroxy-acid , it showed no ketomc reactions, it could be reduced 
to racemic acid and oxidised to dihjdroxytartaric acid It was therefore 
either dihydroxyfumaric acid or dihjdroxvmaleic acid It readily gave a 
diacetyl cychc anhydride with acttjl chloride and was transformed into an 
isomeric acid by hydrobromic acid Fenton therefore regarded it as dihy- 
droxymaleic acid — 

HO C COj^ 

II 

HO 0 COjH 

Its production from d-tartaric acid thus involves the tratis ehmination of the 
two hydrogen atoms lost, and its reduction to racemic acid the frans-addition 
of hydrogen 

The most interesting reaction of the new acid was perhaps that brought 
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about by beating with water Two molecules of carbon dioxide were ebminated 
and glycoUic aldehyde was formed — 

HO C COjH HO CHa 

II ! 

HO C COj.H 0 CH 

On ro-examming this reaction with H Jackson the resulting glycoUic alde- 
hyde was obtained m a bimolecular crystaUine form It had a sweet taste 
(it could be regarded as the simplest sugar) and Fenton showed subsequently 
that it could be degraded by Wohl’s method to formaldehyde With Ryffel 
he showed that dihj droxymalcic acid could be oxidised to mesoxalic semi- 
aldehyde, a compound of considerable interest on account of its close relation- 
ship to the hypothetical tnhydroxyacrylic acid of which uric acid is the diureide 

HOC CO 2 H OCH 

II — > I 

HOC COjH OC COjH 

Nevertheless attempts to synthesise uric acid by condensing this conqxiund 
with urea yielded only glycouril and carbon dioxide 
Further investigations showed that the new reagent — hydrogen peroxide 
in conjunction with ferrous salts — which acted on tartaric acid in so character- 
istic a manner, constituted a specific and valuable oxidant for certain classes 
of compounds With H Jackson, Fenton showed that di- or polyhydroxy- 
alcohols with vicinal hydroxy groups were smoothly and rajiidly oxidised to 
hydroxy aldehydes, thus, glycol gave glycoUic aldehyde, glycerol glycenc 
aldehyde, erythritol erythrose and manmtol mannose Monohydne alcohols, 
however, were not attacked With H 0 Jones he examined the effect on the 
new reagent on acids a-hydroxy-acids were oxidised rapidly and with evident 
heat-evolution to the corresponding keto-acids, acids of other classes were 
unaffected Thus glycolbc acid was shown to be oxidised to glyoxyhc acid, 
lactic acid to pyruvic acid, tartromc acid to mesoxabc acid and glycenc acid 
to hydroxypyruvic acid, whilst from mahe acid there was formed the previously 
unknown free oxalacetic acid Fenton and Jones exanuned the reactions of 
this acid m some detail and among other observations found that its phenyl- 
hydrazone heated with water decomposed m two ways, either losing carbon 
dioxide to give pyruvic acid phenylhydrazone, or undergoing dehydration to a 
pyrazolone denvative The relative proportion of these products depended 
on the hydrogen ion concentration of the solution, and on this fact an approxi- 
mate method of companng the strengths of acids could be based 
The observation that dihydroxymaleic acid was converted with its diethyl 
ester by the action of an ethereal solution of hydrogen bromide led him to 
examine the action of this mixture on compounds of other classes With 
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Miss M M GoatUug he found that various carhoh>dratcb, in particular fructose, 
gave a purple colour when dissolved in ether and treated with hydrogen bromide, 
and this proved to be due to an oxomum salt of a yellow crystalline compound 
which could be thus obtained in considerable quantity and was shown to be 
o)-bromomethylfurfiiraldehydo 

Among other observ ations of interest which he maile may be mentioned 
the reduction of carbonic acid by magnismm to formaldehyde and the 
formation of a crystalline explosive compound of formaldehyde and hydro- 
gen peroxide of the composition t'^IIo 04 and the probabh constitution 
HO CH, 0 O ('Ha OH 

His papers are characterised by the cone is< ness with which they were 
written and by their lucidity, as well as by their scientifac restraint and 
freedom from speculation He was gifted with keen powers of observation 
and acuteness of interpretation and the whole of his experimental work is 
marked by its elegance 

Of his liooks, those best known are his ‘ Notes on Qualitative Analysis,” 
which was based originally on a small book published by Livemg, but was 
greatly expanded m successive editions, and bis ‘‘Outlines of Chemistry” 
He was elected into the Royal Souety m 1899, and served on the Council 
from 1913 until 19JG He was made an honorary fellow of his College m 
1911 

He was naturally a shy man and was exceedingly sensitive to chaff or 
< nticism , he endeavoured to < onceal his shyness by assuming a certam 
hauteur which tended to repel somi of those who would liave sought his friend- 
ship He had a very strong sense of fairness, but his pertinacity m defendmg 
views in which he was m a minority of one sometimea made him a difficult 
member of University bodies He married in 1892, Edith, daughter of George 
Ferguson, of Richmond He left no children He gave up his lectureship 
m 1924 and went to live at Hove, but the last years of his hfe were greatly 
clouded by illness He died in a nursing home m lamdon on January 13, 1929, 
at the age of seventv-four 
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SIR HENRY BRADWARDINE JACKSON— 1855-1929 

Henry Bradwardine Jackson was born at Barnsley in 1855 and when 
11 years of age he entered the Navy Ho served on the African station during 
1878 and 1879 and took part in the Zulu War On returning to England he 
was appointed to the “ Vernon,” where he qualified as a torpedo lieutenant , 
subsequently he studied torpedo design and construction at the Whitehead 
establishment at Fiume 

In 1891 the idea first came to Jackson of employing Hertzian waves as a 
means of communication between a torpedo boat and a friendly ship He was 
at this time servmg at sea and it was not possible to put his ideas into a practical 
form until four years later In 1895, while commanding the “ Defiance,” he 
became aware of the experimental work of Dr (now Sir Jagadis) Bose on 
coherers From the end of 1895 until July, 1896, he carried out a careful 
series of experiments in the “ Defiance ” with the object of obtaining a reliable 
coherer The form finally adopted consisted of a tube of metal filings between 
two metal plugs He carried out further experiments with various substances 
during the next 12 months This early coherer was tapped by hand For 
observing the radiations, a receiving curcuit in the form of a circle of wire was 
employed for a considerable time In August, 1896, an electric bell of high 
resistance inserted in the circuit was successfully rung from a distance 
Naturally the idea of tapping the coherer by the bell was the next development, 
and before the end of the month Morse signals on the electric bell were received 
across the after-cabin of the ship The ship’s induction coil which, under 
favourable circumstances would occasionally give a spark of 2 mches, was used 
as the transmitter He continued these experiments with increasing success 
and managed by the end of the year to effect communication by electro- 
magnetic radiation over distances of several hundreds of yards In 1896 he 
met Marconi at a conference at the War Office The two pioneers of radio 
telegraphy exchanged information regarding their apparatus and found that 
they had been experimenting on practically the same lines and had apparently 
obtained the same results The next year they kept in close touch and gave 
each other much useful assistance In 1897 Jackson was appointed Naval 
Attach^ in Pans 

In 1899 he was appointed to command the “ Vulcan ” and in 1900 wireless 
telegraphy apparatus was installed m a number of His Majesty’s ships, a 
contract bemg placed with the Marconi Company for the supply of installations 
The new means of communication proved to be successful From this time to 
his promotion to flag rank in 1908, Sir Henry Jackson played the foremost 
part in the development of radio telegraphy in the Navy Both he and 
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Marconi found that increased ranges were possible by earthing one end of 
the oscillator and attaclung to the other an elevated aerial wire Apparatus 
of this simple character, however, gave eonsiderable trouble at sea owing to 
the fact that it was neceHsar> to use an aerial which was highly insulated 
Jackson was elected a Fellow of the Koval Society in 1901, and the next 
year communicated a paper entitled ‘ On some Phenomena affecting the 
Transmission of Ehetrie Maves over the Surface of Sea and Earth ’ The 
subjects dealt with in it include a study of the effect of intervening laud in 
reducing th* practical signalling distance betwe'cn two ships, observations on 
the effect of the height, thickness, contour and nature of the lancl be ing recorded 
as well as mteresting observations on the effects of atmospherics The paper 
IS a good illustration of the careful and methodical manner in which Sir Henry 
Jat kson always made and recorded his obsc rvstions In modern radio research 
in particular in wave propagation, considerable attention is given to the results 
of mutual interference of several waves arriving at a point with various phase 
differences Observations of such interference effects were made bj Jackson 
in 1900 ‘ This phenomenon,” lie writes ‘‘manifests itself bv the gradual 

weakening and occasionally by the total cessation of signals, as the distance 
of two ships increases, up to a certain point, and tlieir reappearance as the 
distance is further merc'aseel ” At that time he believed this effect was due 
to want of synchronism in the oscillatory discharge between the spark balls of 
his transmitter, so that there was a change m frequency between the successive 
discharges of the transmitter Such want of synchronism would produce 
succcssiv 0 oscillations out of phase with each other whic h w ould at one point annul 
each other, while at a further distance they would reinforce each other The 
cause, however, of the weakening of signals he put down not so much to the 
interference of oscillations arriving out of phase as to the fact that the coherer 
required the buildmg-up effect produced by several successive oscillations 
arriving in phase m order to actuate it satisfactorily 

To get over the difhculties introduced by this effect and the high aerial 
insulation required. Sir Henry Jackson then proceeded to experiment with 
improved methods of tuning the apparatus and with coupled circuits Inde- 
pendently of Marconi he produced about this tune an installation in which 
energy was introduced into the aerial by electro-magnetic coupling through a 
transformer, the primary of which was attached to the spark halls of the 
induction coil and was tuned by means of a condenser His system differed 
from those employed by other work rs m that, m addition to the electro- 
magnetic coupling through the transformer, electrostatic coupling was also 
employed by adding an extra plate connected to the aerial and to the con- 
denser in the oscillating circuit Tuned receivers were also developed In 
order to obtain accurate tuning, careful experiments were made of the capacity 
of the condensers and aerial and of the self-induction of the coils of the coupling 
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transformer for various numbers of turns in the secondary It is interesting 
to note that the self-capacity of the coils of the transformer was taken into 
account and also the capacity of the leads connecting the condenser The 
effective range of ships htted with this type of apparatus was found to be 
about 55 miles 

Although the final adoption and development of wireless telegraphy in the 
Fleet took some years nevertheless it achieved full recognition more rapidly 
than many other inventions of similar importance The comparatively rapid 
adoption of the invention is a tnbute to Sir Henry Jackson’s enthusiasm and 
to the scientific character of his work laekson used to say that all nc w inven- 
tions seemed to go through the same sort of stages in His Majesty s s( rvict 
Firstly, “ the sciptual,” in which people would have nothing to do with the 
new thing , secondly, the “ nibbling” — that is, ‘ there seems to be something 
in it, let us try it ” , thirdlv, the prehminary, in which trials are made and strong 
recommendations for adoption are put forward by enthusiasts fourthly, the 
adoption, in which as many sets are obtained as possible, although tlu re may be 
no one to work them , fifthly, the practical, in w'hich the defects are dis- 
covered , sixthly, the “ low-water stage,” in which it is said that the invention 
can never be any good and committees begin to sit , seventh! > , thi perfect 
development when the defects are made good and its uses demonstrated 

In 1906 liOrd Fisher appointed him Third Sca Lord and Controller At that 
time the design and equipment of warships were undergoing rapid changes, 
and Jackson was specially qualified to take charge of the application of science 
to naval equipment He was appointed First Sea Ixird on May 2 5 1916, 
afti r Lord Fisher left the Admiralty During his period of office — from May, 
1916, until December, 1916 — the foundations wore laid for various schemes for 
fighting the submarine menace, including the raid on Zeebrugge The Battle 
of Jutland was fought while Jackson was First Sea Lord, and he has stated 
that the evidence which finally convinced him that the German High Sea 
Fleet was coming out for action was the result of observations made by’ a radio 
direction-finding station, a change of 6° being shown in the angular position 
of a German warship 

Jackson was appointed Admiral of the Fleet m 1916, and from April, 1917 
to July, 1918, he had the honour of servmg as First and Principal Aide-de-camp 
to the King In July, 1924, he retired from the Navy 

In 1920 the Lord President of the Council appointed him as the first Chaurman 
of the Radio Research Board of the Department of Scientific and Industrial 
Rescarc h The task of takmg up once more experimental work m radio tele- 
graphy was most welcome to him Under his guidance more than 100 impor- 
tant papers were published under the auspices of the Board, the mam subjects 
dealt with being the propagation of waves, the nature and origin of atmospherics, 
radio direction-finding and radio frequency measurements He gave his 
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personal attention to the work (lescrilad, spendni}^ much time in visits to the 
laboratories and discussing aspects of the work with the staff, >et he always 
disclaimed credit for any of thi results obtaim d While suptrv ismg the w ork 
of the Radio Rest arch Board, Sir Henry Jaekson himself carried out much 
experimenting in his own house With apparatus of his own design and 
manufacture he carried out work of a pioneer character on the reception of 
short waves Some of the results obtained were referred to bv hnn in a 
e^ontribution to a discussion at the Uov.il Sonety on the electrical state* of the 
upper atmosphere 

In 1926 the Royal Society awarded him the Hughes medal in le cognition 
of the high merit of his woik This honour gave him great gratification 
Jackson was Secretary and later (’haiiman of the British National Com- 
mittee on Radio Telegraphy, formed in eonnection with the International 
Union for Scientific Radio Telegraphv and he regularly attended the meetings 
of the general assemblies of the Union It is no exaggeration to say that British 
prestige m the scientific aspects of radio telegraphy owes much to his guidance 
In 1890 he married Alice, daughter of Mr S H Biirbuiv, F R S Many 
early ex|)eriraents were carried out by Jackson and the Burburjs, the latter 
also bemg enthusiastic experimenters in radio telegnph} 

Sir Henry Jackson was a Knight Commandei of the Royal Victoiian Order, 
a Knight Grand Cross of the Bath honorar) D Sc of the Universities of 
Oxford and Leeds, honorary LL D of the Universitv of Carabiidgc, and Vice- 
President of the Seamen’s Hospital Society He was a member of the 
Institution of Electrical Engineers, and honorary Vice-President of the 
Institution of Naval Architects 
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Percy Alexander MacMahon was bom at Malta, September 26, 1854, the 
second son of Brigadier-General P W MacMahon In view of his specula- 
tions on space hlling solids, it is, perhaps, worth recording that he remembered 
at the age of 70 his boyish observations of the manner in which the ordnance 
was piled After being at school at Cheltenham, he was entered as a gentle 
man cadet at Woolwich in February, 1871 He became lieutenant m 1872, 
Captain in 1881 and Major m 1889 After some hve j ears’ service in India 
and Malta, he became Instnutor in Mathematics at the Royal Military 
Academy, in 1882, until 1888 , and Assistant Inspector at the Arsenal until 
1891 He was then Instructor and, later. Professor of Physics at the Artillery 
College, retiring with retired pay in 1898 From 1904, for 16 years, he was 
Deputy Warden of the Standards of the Board of Trade involving in due 
course membership of the Confirence Ginlrale and the Cormte Iniermtional des 
Ponds et Mesures , and from 1902, for 12 years, was one of the General Secre- 
taries of the British Assoc lation, of which he became a Trustee in 1914 He had 
been made Fellow of the Royal Society in 1890, and served as President of 
the London Mathematical Society m 1894-96, becoming also, in 191 7 President 
of the Royal Astronomical Society He was also a member of the Permanent 
Eclipse Committee , and of the Council of the Royal Society of Arts In 
1901 he was President of the Section A at the meeting of the British Associa- 
tion in Glasgow lie received many academic honours D Sc at Dublin in 
1897, Sc D at Cambridge in 1904, LL D at Aberdeen and S Andrews in 1911, 
was an honorary member of the Royal Irish Academy and of the Cambridge 
Philosophical Society The Royal Society conferred on him a Royal Medal 
in 1900, and a Sylvester Medal m 1919 , the London Mathematical Society 
awarded him the De Morgan Medal in 1921 He was also, by the nomination 
of the Royal Society, a Go\emor of Wimhester College 

In the late years of the last century he w ill be remembered by some for the 
promptitude and distinction with which he would make an impromflu com- 
munication at the meetings of the London Mathematical Society, when other 
sources failed , later, after his marriage, for his hospitality at his home in 
Westmmster During his life m London he was also a distinguished billiard 
player at the Athenaeum Club In 1922 he gave up the majority of his London 
associations, became a resident member of St John’s College, Cambridge, and 
mixed very wilhngly in social gatherings, until ill-health compelled his retire- 
ment to Bognor, where he died on Christmas Day, 1929 He had been a 
member of St John’s College from November, 1904 His absorption in the 
mathematical problems he was considering, which was noticeable in his 









Percy Alexander MacMahon 


XI 


Woolwich days, became more pronounced m later life , but another trait, 
also noticed at Woolwich, was manifest to the end, namely, his formal kindly 
courtesy towards all with whom he had dealings , and he had always a desire 
to know the names of the more distinguished younger mathematicians, and 
to get some idea of the work they were doing Many of his friends will always 
remember his personal cordiality, in which he was so ably assisted by 
his wife 

His mathematical achievements were in an abstract held, and it seems 
difficult to describe them m detail without being over-technical The plan 
followed here is to give an account of some of his more salient results, and 
otherwise to refer to the Bibbography appended Save for his hrst paper (in 
1883), on what was then called the modern geometry of the triangle, his early 
work was inspired by the problems, connected with the Invariants of Algebraic 
Forms, with which Cayley and Salmon and Sylvester and Hammond were 
concerned He followed that by dcvelopmints of the work of Sylvester and 
Cayley for the Theory of Partition of Numliers, with incidental reference to 
some problems of probability , and in the last years of his life his activity 
was largely taken up by consideration of repeating patterns, of which he con- 
structed and coloured with his own hand, a vast number, together with pro- 
posals for generabsing the theory of determinants Throughout he was, after 
Sylvester’s pattern, always more anxious to invent than to know , and it 
seems right to avow that his knowledge of modern matliematu s was not wide, 
especially of the modern logical theory of functions He stands indeed between 
that great efflorescence of the British realistic school of explicit algebraic form, 
associated with the names wo have mt iitioned, and the more recent students 
of quantitative logic, or geometrical construction 

It 18 easy to understand how Cayley, having seen the hrst explicit invariant 
forms, for instance, desired to see the actual expressions 

of other invariants , and how great this desire was iMth his successors is 
well shown by Salmon’s reprint, extending to 13 pages, of the invariant of 
degree 15 of a bmary sextic, which vanishes when the roots are in involution 
(“ Higher Algebra,” 1866) And it is easy to understand the fascination, when 
the number and length of known invariants began to make the concrete 
management difficult, of being able to specify the number of existmg invariants 
of given character by means of the terms of an expansion in powers of a variable 
For the lower cases, too, such gerwraling funetto-ns could be devised whose form 
indicated even the polynomial identities, or syzygtes, connecting the invariants 
For the case of covariants it was found, origmally through an early use by 
Sylvester of what Sophus Lie called an infanitcsimal transformation, that if 
the coefficient of the highest power of the variable, x, in the covariant, were 
known, the other coefficients, functions of the coefficients m the fundamental 
algebraic form, could be calculated by use of a linear difierential operator 
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Hence arose the importance of tabulatmg the possible forms of such highest 
covariant coefficients, or semxnvanants, and of determiiung the syzygies con- 
nectmg them And zest was added to the study by Cayley’s frank discussion 
of his own results (‘ Amer Jour vol 7, 1885) , while the kind of earnestness 
put into this enumerative work is well illustrated by Sylvester’s papers of a 
few years previous {e g , “Coll Papers,’ vol 3, p 283, 1879), Into the dis- 
cussion of the problems thus arising MacMahon was encouraged to enter by 
two pieces of good fortune One of these was his remark of the identity of the 
hnear partial differential equation of the hrst order, satisfied by semmvanants, 
with that satisfied by general symmetric functions (of a certain limited kind, 
known as rvon unitary), if only the form of the coefficients m the fundamental 
algebraic form be slightly modified The other was the publcation, by Ham- 
mond, of a symbolical calculus of differential operators acting upon symmetric 
functions, whereby a connection is made between the functions L )> 

and S(a'’p>'' ) The two things are intimately related The former, the 

relation of symmetric functions and seminvanants, was immediately acclaimed 
by Cayley , the latter was afterwards often used by MacMahon, as may be 
seen in his two volumes on Combinatory Analysis, where the Hammond 
operators are used m seven of the eleven sections of the book For his actual 
contributions to the generating functions of semmvanants, the later paper of 
1895 {‘ Proc L M K ,’ vol 26), and the paper in ‘ Trans C P B vol 19 (1904) 
may be consulted 

But some brief explanation m regard to the two initial steps of his career 
referred to, may perhaps be given For the fundamental form, written as 
a:* + -f- (n — 1) -f- , with binomial coefficients, the differ 

ential operation for semmvanants, expressing, when the result is zero, that 
these are functions of the differences of the roots, is -|- 20^8^ + logSg + , 

where S, means partial differentiation m regard to a. On the other hand, 
for a form a" -f + , the operation OTj -f piiug 4- + 

where w, means partial differentiation in regard to is equivalent, when 
acting upon a function of pj, pj, , regarded as expresssed in terms of the sums 
of powers of the roots, to (the negative of) differentiation m regard to the sum, 
«!, of the first powers A function whose expression in terms of these power 
sums, Si, Sj, 83, , does not contain Sj is thus reduced to zero by this operator , 

such a symmetric function of the roots is that called non-umtary Now, if 
we put p, = a,/(? !) we have p,w,+i = (8 + l)o, and the latter operator 
becomes the former This is MaoMahon’s remark, which renders the tabula- 
tion of non-unitary symmetric functions the same problem as the tabulation 
of semmvanants 

Hammond’s operator, denoted by D„, is obtained by m repetitions of the 
operator + ppn^ -p pjWg -f , spoken of above, where, however, this 
repetition is formal, the succeeding operations being upon the differential 
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coefficieuta , for instance, two repetitions lead to Wi* + -\- 

every term involving two differentiations Precisely, if denote the negative 
of the hrst older operator, 1)„ = (/» i)-i A simpler definition, not so 

useful, however, for MacMahon s applications, is that, if the symmetric function 
which 18 to be the operand is expressed by the power sums of the roots, and a, 
denote partial differentiation m regard to then the series 1 + + , 

with arbitrary h, is the same as the expansion of the exponential operator 
exp (X), where S denotes hci + + The use most often made of the 

operator depends upon two facts (i) that if ai, a^, denote the roots of the 
fundamental form, the symmetric function of which the single representative 
term is 

(a^ia'a a”,) («Via®,+2 

IS reduced to zero by any operator D„, other than ]),,, or D*, or 1), , while, 

denoting this symmetric function by {p'q’^r" ), it is reduced by D, to the 

function ), by D, it is reduced to ), and so on In 

this statement the order of the fundamental form is supposed mdefanitely 
great (that is, so high that the expression m ti rriis of the coefficients of all the 
symmetric functions under consideration would be the same if the order of the 
form were greater) For a product of symmitnc functions, say ^ functions 
4>i> <f>z> i>k> we have the second charact* ristic property of the operator D„, 
namely (ii), the result of the operation D„ <f>K) obtained by 

expressing m as a sura of positive mtegeis Wj -f- Wj + + m„ and then, if 

^>> 1 ) selection of r of tin functions ijiy , <i>i, taking 

the term (Dm,<f>,,) ) ('|), where the brackets denote multi- 

plications, and IS the product of the functions , <Pk other than 
<f>,„ , <f>. The sum of all possible terms so obtainable is to be taken , in 

many cases their number is not largo because of the vanishing of one of the 
factors 

These detaib will enable us to give an explanation of the nature of one method 
by which MacMahon proposed to compute the explicit form of all Latin squares 
of a specified number of rows A Latm square, of which the name is merely a 
survival of Euler’s name for a more difficult square m which every element 
was characterised by two letters, one Latm and one Greek, may be explamed 
as bemg a square arrangement, of say v rows, in which v letters are written 
down, V times, in different rows, with such permutations that each letter 
occurs once not only in each row, but also once m each column Now consider 
a compound operator D„„ acting upon a product of symmetric 

functions (f>i, (p^, . <pi There will be several terms in the result Each such 

term is to be represented by a rectangular diagram of k rows and s columns 
In the hrst instance, let p^, Oi, , be positive integers, s in number, some of 
which may be zero, whose sum is [Xi Then one term of D,., {<Pi<Pt^ •P$) 
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18 the product (D,,^,) Correspondmgly we place m 

the first row of a rectangular scheme the numbers pi, Oy, , -Zy Denotmg 
now the factors , D^,^, by , 4'., we may proceed to 

operate similarly with D^, upon the product 4'i4'2> 4'«> * numbers, 

includmg zeros, which form the chosen partition of (Xg being placed in order 
in the second row of the rectangular scheme , and so on till we find components 
for the A-th row which are a partition of Now, in particular, suppose 
8 = k, and (Xj — pig = — [x*, = (x, say, while all of <f>y, , if>, are the same, 

each being the S3munctric function £ (ai^aa* a/), say <f>, where p, g, , r 
are different and p + +r=(x Then, as tf> is reduced to zero by any 

operator D,„ other than D„ or D®, or D„ or unity, the only possible parti- 
tions of |Xi, to fill the first row of a diagram, must consist of numbers chosen 
from p, q, , r and zero Suppose now that the only set of numbers, s in 
number, every one of which is one of p, q, , r, or zero, whose sum is pi, con- 
sists of these numbers p, q, , r, each occurring once , of this a numerical 
example is given immediately Then the first row of the diagram must con- 
sist of the number p, q, ,r in some order The second row of the diagram, 
obtained by distributing the operator D^,, must sinularly consist of these 
same numbers p, q, , r , but, as D, (aj”*** a/) is S (ag® a/), in which 

the exponent p does not enter, it follows that, m the second row, the number 
p cannot occur in the same column as in the first row , and similarly with 
q r Thus, after operating with D/, the diagram will consist of s rows and 
columns in which each row contains the numbers p, q, , r, and each 
column hkewise contams these numbers Such a diagram is a Latin square 
Further, the operation of D/ upon (S zt-yCit a/)* results in a number, the 
dimension of the operand being equal to the total order of the operator This 
number then gives the total number of Latin squares of s rows and columns 
This number is evidently independent of the choice of the numbers p, q, , r, 
subject to the condition of the unique partition which has been explained 
To explain this condition we may take the particular case when pi is 30, and 
p, q, ,r consist of the four numbers 19, 8, 2, 1 The only partition of 30 into 
a sum of four or fewer numbers chosen from these four, consists of these numbers 
each taken once , if, however, p, q, ,r consist of 11,8, 7, 4 we can express 
30 not only as 11 + 8 -f 7 + 4, but also a884-8-t-7-|-7ora8ll-(-ll-f8 
In general, if pi = 2* — 1, we may always take p, q, , r to be the numbers 
2*"^, 2*“*, , 2, 1 (This IS, moreover, what MacMahon called a Perfect 

Partition of pi, every number less than pi being also uniquely expressible by a 
partition from these numbers ) 

A more technical appbcation of Hammond’s operator is to give a proof of a 
theorem of symmetry in tables of symmetric functions, which may be expressed 

by 
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wherein the sum of the positive integers , p, la equal to tlie sum of the 
positive integers g-j, , g, , and k, moans the sura of the homogeneous products 
of dimension r of the roots of the fundamental algebrau form, mutilated, 
however, by the omission of every tirm which eoiitaiiis a jMiwer gieatir than ^ 
of any one root The case k — 1 was will known , for tins case the functions 
Aj, Aj, arc the ooifhcients, sav Uj, , in the fimdameiital form, 

written as x" — In the casi in which there is no 

lestriction of order (i = co ), it is usual to use the notation A, for the sum 
of the homogeneous products of r dimensions If we then tonsidei the form 
x" — -f- -h ,it is notice abli that the power sums for the roots 

of the latter, s,', are connected with those for the former by */ = (— 1 
and wo recall that the operator D„ is expressible, with constant coi fficients, 
by differentiations in ri gard to the pjwi r sums 

Another theorem of MacMahon’s, which he called a Master Theorem, was 
designed to display the permutations of an aggregate of things, not all different, 
which should be subject to certain lestnctioiis, in particular should exclude 
certain specihed permutations For instance, consider the familiar problem of 
the number of ways m which n written letters can be put into n addressed 
envelopes so that no letter is inserted m the envelope designed for it The 
possible ways are evidently displayed by the various terms m which 

occur m the developed product 

4 , +'•,.- 1 + ), 

in which X, does not occur in the sth factor More geaeiallj wc may seek a 
rule for computing the coefficient of 1 1" lu the development of the 

product , where y, is any general linear homogeneous function 

of aij, x^, , x,„ say y, — o„Xi + + The procedure suggested by 

MaoMahon is cqmvalcrit to seeking, m the expansion m ascending jwwers of 
1 of the inversi piodiict 



the terras which aie iiidependtnl of X, s,, ,x„, and tin n sell i ting from these 

terms the term m // Hw theorem is that these terras, inde- 

pendent of Xi, Xj, , Ji„, are obtainable by expandmg, lu ascending powers of 
<1, , the mverse of the determinant 
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This tlok'i nunaut, whtn d<'vdopt.d before its inverse is expanded in povscis of 
consists of teims such as (— l)*(j<2 f,A„ where A, is a coaxial 
minor, of s rows and columns, from the detciinmant |«„j MacMahon con- 
sidcicd also the coiivnsc problem, of finding values for th(' dements a„ such 
that tin coaxial mmois of tin detciinmant |a,,| should have gnt ii values , he 
leadn d tin eonclusion that when n is even, thi detciminaiit tan bt ( xjin ssi d 
111 two wavs as a fuintion of its coaxial Illinois (othci than itself) , a icsnlt in 
reffuid to which more ditail set ms desirable 

VVe mav also lefti to another cuiious thconm given by MatMahon whn li 
seems very illustrative of his work Suppose that wc have an aggugate 
Vi }Jn of (Ji) + P2 + + V»< numbers, whnh for dearness 

of explanation we suppose to be positive and m asi < iiding ordtr of magnitude, 
so that Ui < 1/3 < <y,. Take tlun, on stjuaied paper, n honrontal rows 

of nodes and on tin sc p vertical columns of nodts for whnh tin abscissa is 
iispectively jr _ ], r — 2, , = p \\e npitsint a pi rnnitation of the p 

numbers by maiking />, nodes upon the lowest low chosen vnvwhcie m thi p 
nodes of this row , then marking nodes upon the second row of uodis 
(y = y^), also chosen anywheie but so tint no one is upon the same ordinate 
as any of the marked noih s of the lust row , then marking pj nodes in tin thud 
row {y — ya), but so as to ivoidall the p, oidmat«s aheady occupied 111 
the hist two rows , and so on The jiermiitation represented is then obtained 
by leading the p columms m turn, with ascemding abseissa, each eontaining 
one marked node and fuinishmg one lettii, y„ of the pirmutation, when the 
marked node in that column is in the s-th row from below Taking now any 
suth ordinate containing, say, y„ tonsidei the ordinates which have grcatei 
abscissa?- It may be that for each of these the maiked nodes have the same 
ordinate y„ 01 a greatei one, containing nodes y, for everyone of which t ^ s 
But it may be that among the ordinates of greater absi issa than ?/, there are 0 
for which the marked nodts have less ordinate than y„ these corresponding to 
a elements ?/( foi which t < s We then speak of the se as furnishing cr inversiom 
111 the permutation If now, for the particular permutation uiuler considera- 
tion, the inversions bo noted foi eveij y„ and all the numbers a so founei b(> 
added together, we maj call thi ri suit the inversion indtx for this permutation 
All this, m less graphical modi , is famihai But we may, after MacMahon, 
obtain another index for the permutation, namely, proceeding as before from 
any ordinate, with marked node y„ pass to the immediately following ordmate, 
and note whether the marked node m this ordmate has a less ordinate than y„ 
namely, lepresents yj with < < s If so, we may say there is a fall If then y, 
IS m the p,-th ordinate, counting from (and including) the ordmate of least 
abscissa (the first ordmate), we count the fall as havmg weight p. Examine 
now all the first p — 1 ordinates (all except the last, that is), and take the sum 
of the weights of all the existing fulls, and call this sum the fall index of the 
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partictilnr pornmtation Tlioji, if all tlu jioRsibl pormutationR I)o takt n the 
set of inversion imliees any one of which ni ly otcui with tin samt value in 
siyeral of the peimiitatioiis is the simi save for cmh r of iKurrenoe, 
as the set of fall imliees And then is mon than this Ta t the product 
(i— s-)(l — (1 — r*") hi denotid In (p) , lonsidu tlu exjunsion in 

ascendmfi poweis of I of th« fraition 

(/h H 1h + d t>..) 
iPi) iPi) (/'.,) 

whuh IS in fait i poUnomial of turns sucli \s ij^, wluu i isapositivi integer 
This tirm indicates tint there me ixiith / of tin peirautations for whuh 
till inversion index is p, as well as exietU r of tlu permutations for which the 
fall iiidi'x IS p This siems r remiilvihle result , and it is evidently capable 
of tnatmiut on the lin(*s of Kronnkeis ehaiaeti ristic We ma\ also con 
sid(*r instead of the falls, the rises in tin ordinal ( s similulv defined , and it is 
not dilhciilt to see that if we n veise tin ordc r of the lows iii tin diatiiam, the 
falls cliange into rises, and tin' iiiMision indicts sev< i dlv ( liaii)'( into com- 
]ilementar\ values What we have rilled a fall, MacMahon (alls i iikijo) 
contact 

Another part of MaeMalion’s woik is tliat dealing witli the tn itinent of 
partitions b> the metliod of Diophantiiu meiiualitics For tins we must rtfer 
to the second volume of his book on(’onii)inator> Analysis (Camiirulgt , 191 (i) 

An activity of a different kind which ouiipud him for several of the latir 
>eirs of his lib thi < onstriiction of n pi iting pattmis to fill a plane, has 
alieidj lucn s 2 )ok(‘n of For this we can rcfei to his little volume, Niw 
Mathematual Pastimes’ (Cambrid^t I'lJl) which, howiver gives a most 
inadiijiiati ah i of tin vast enthusiasm and industiv with whuh he ijur-^ui'd 
the matter It must be added, howevi i that it seems curious tint he did not 
in connection therewith, make himsdf aeijuainbd with the theoiy of dis- 
continuous groups rciireseiited iii the pi me of the complex vaiiabh , or with the 
mathematical theorj of i rv stallogi aphv 

But to those who knew him and watclud the constant keenm sa of his 
inteiest m what he was doing, and his iievei failing coiirti'ss and fiankness of 
demeanour the memoiv will remain of a pi rsonality striking ind distiiictue, 
whose loss IS to be deplored 


]UHbTOrRAPH\ 

The following list not complete as rnginl'i tlu umnller eiiliti pnu’is will enable tlie 
leadei who wwhea to follow out the ikvilopiiunt of the woilc* — 

* ‘ Mesa ’ = ‘Mesacpgerof Mnlhc matii s ‘ Q I ’ - Qiinrt''ih louinul of Miilhe 
inaties ’ , ‘ P L M S ' ‘ ProiiodingB of llu lauulon Matin mat u al S<h ulv Am J 

‘ Amencftii Joumnl of Mutheinatus ‘Phil Tima ‘ 1‘hiloaophn al 1 uinaiiLlioiia of 
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the Royal SooKt\ ( V) , ‘ Trana CPS’ — * Transaction* of the Cambridge Philosophical 
Societ} ’ Ihe dates (of the volumes) are m some cases later than the actual dates of the 
papers 

1883 “A generahaation of the nine point properties of a triangle,” ‘PLMS,’ 

vol 14 

1884 “ On symmetric fumtions and certain inverse operators.” ‘ P L M S ' vol 15 

1885 ‘ The multiplication of symmetric fiinutions,” ‘ Mess vo) 14 

1880 “ On porpetuunt rcciprooants,” ‘ P L M S vol 17 

1880 “ Certain spinal partitions of numbers " ‘ Q .1 ’ vol 21 

1884 “ On the devdopment of an algebraic function ” ‘ Am I ’ vol 0 

1884 ‘ iScramvanaiits and sjmmetiK functions ” ‘ Vm T ’vol 0 

1885 “ On pel jmtuants,” ‘ Am T ’ vol 7 pp 26, 25}> 

1880 ‘ Memoir on seminvaiiants,” ‘ Am J ’vol 8 

1888 'Fhc expression of syzygies, etc Am I ,’ vol 10 

1887 “ The law of symmetry in symmetne fumtions,” * Q J ’vol 22 

1887 “ The theory of a multilinear operator,” PLMS.’vol 18 (see also vol 19 

1889 and ‘Q, 7 vol 24(1890)) 

1887 " Svmmctno functions and the theory of distributions ” * P L M Si .’ vol 19 

1888-1890 “ \ IK vv theory of svninu till functions,’ Am T ’ vols 10 to 14 

1889 “ On plav * a outiance ’ ” ‘ P L M S ’ vol 20 

1890 ‘ Symmetric functions of rcKits of systems ’’Phil Trans ’vol 181 

1891 “ The theory of perfect partitions ” ‘ Mess ’ vol 20 

1891 '* Yoke chums and ‘ trees ’,”* P L M S vol 22 

1802 “ Apphcations of a theory of permutations,” ‘ P L M S ’ vol 23 

1893 “ A memoir on the compositions of numbers ” ‘ Phil Trans ’vol 184 

1907 “ A second memoir on the compositions of numliers,” ‘ Phil Trans ’ vol 207 

1893 "On the thirty cubes constructed with six coloured squares,” ‘ P L M S , 

vol 24 

1894 “ A certain class of geneiating functions ” ‘ Phil Tians ,’ vol 185 

1895 “ The perpetuant invariants of bmaiy quanta s,’ PLMM ’ vol 20 

1890 “Combinatory Analjsis, A review (Presidential Addioss),” ‘ P L M S ,’ vol 
28 

1895 " Self conjugate permutations,” ‘ Mess vol 24 

1897-1912 “ Six memoirs on the partitions of numbers,” ‘Phil Trans ’vol 187 to 

211 

1898 “A new method in Combinatory Analysis Latin Squares,” ‘Trans 
CPS’ vol 10 

189!) ‘ Partitions whose graphs possess symmetry,” ‘Tians CPS,’ vol 17 

19(K) “ Partition Analysis and any system of consecutive integeis,” ‘ Trans CPS ’ 

vol 18 

1900 “ Combmatonal Analysis The foundations of a new theoi v ” ‘Phil Trans ’ 

vol 104 

l‘)01 “ rJIasgow British Association Presidential Address ’ 

1902 “ 3’he sums of the jsiwers of binomial eoeffieients ” ‘ Q .7 ,’ vol 33 

1902 “ Fnday' evening discourse on Magic Sejuaixs ” ‘Royal Inst ,’ vol 17 (heb 

1902) See also “Magic squares and pioblems on a tbessboard” 
‘ Nature,’ vol 65 

1904 “ The Diophantino meqnabty Xx > py,” * Trans CP,S,’vol 19 

1907 “ \ftemoon lectures on standanls of weight and measure,” ‘ Royal Instn , 

January 30 and February 7 1907 
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SliBASTT\N ZIANI ni Fl'MUUXTT 18(.( I'llo 

SiBASTiAN /uni dh Firr\nii was lioin it liiviipodl on April 9, 18()1 of 
par(.nta»?o compnsinji Italian ind Fn<;li’<h olomi nta Ho was fiiutatcd it 
ffampstead School and at St Auj'iistino s Colloffi Uimsirate, and attended 
University Collofie Jiondon, for \ linef pi nod At about 17 Vf irs of a"t he 
entered the woiks of Siimins Bros at Woolwich, ind there gainul cxpcriinie 
in miscellaneous electrical applications including the development of electric 
furnaces and the constitution of sulnniiiiic tables and clc'ctiic d machines 
In 18Hi he filed his first patent which described a dvnamo Many dynamos 
weie being mvented and built at this tunc hut Fcrinnti’s foim gave a large 
output for its weight, partly because of the happy choice of projx^^ns, 
partly because of the excellence of its mcehanical design A 20 hotse power 
alternator of this type w'as installed in 1882 for lighting f'aiinon Street railway 
station, and drove so much attention that iii 1881, when the mvc ntor w’as only 
19 years of age, a company was foimcd to exploit this and othei inventions 
now crowding his mind Among these e>arly inventions was the mercur) 
meter for measuring the current supplied b\ an edeetne supj'b company to 
its customers, a meter winch depends on counting the revolutions produced 
m a pool of mercury through which the cuirent flows radiallv within the 
influence of a vertical magne’tic fic'ld This medcr is still widdy used 

In 1885 Ferranti began to improve the construction and the modi s of employ 
mg transformers m conjunction with his machines iiid in 18Sf) he beiame* 
engineer to a company which had been promoted to cnet gciieiating plant 
under the Groavonor Gallery in Bond Street for lighting the galhrj and 
neighbouring buildings Here he instalh d two alternators of about a thousand 
horse power each and distributed current bv ovulu’uel lines throughout a 
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gratlually extending area north of the Tliames, which eventually reached from 
the City to Chelsea Now came the opportimity of employing his far-sei'ing 
constructive imagination he dre-amt of supplying the whole of Jjondon with 
electricity from one giant generating station, distributing the current at KbOtKt 
volts through underground cables But the scheme was throttled In the 
Electric Lighting Act of 1888, and, in effect, reduc,ed to parochial dimensions 
Ncv( rth< less, at Deptfoid, where sea borne coal and condensing water were 
available, a station of about 1(>,()(K) hors* -power was erected and iiiniimg bv 
189J During the constiuetion of this station and its distubiition network 
innumerable problems (oncerning engines, air pumps, alternators, trans 
formers, switchgear, measuring instruments and high voltage cables, were 
successfully solved It may be said that in this single job Ferranti worked out 
the mam principles and methods which governed high voltage electrical 
engineering for several yeais in every country It is true that his slow' speed 
engines and great flywheel alternators have now been superseded by tlu 
turbo- generator, but even in this supersession he himself added consult labh 
by his work on the steam tuibim , both mechanical and thermodv namical 
In steam turbine development he was largely responsible for the conception of 
expanchng something less than the whole of the steam at each stage of expansion 
and using the rest for heating the boiler feed water instead of doing mechanical 
work , thereby increasing the overall etticiency In the gas turbine, moreover 
he was a daring pioneer and came nearer to success than perhaps any otlici 
worker In both forms of prime mover he demonstrated that because of 
inherent defects in actual engines it is advisable to make ceitain departures 
fiom the Carnot cycle, and besides he made many ingemous improvements iii 
purely niechanual details 

It will be appreciated from the preceding paragraphs that Ferranti’s genius 
was principally exhibited in the solution of problems arising in the supply 
and utihsation of electricity on the large scale But Ins wonderful facility in 
the mechamcal domain had many applications in other directions, for his 
patents deal with such miscellaneous matteis as machines for the high spei d 
wundmg of coils for radio apparatus, motor car wheels and tyres, carbuietters, 
steam valves, bicycle parts, projectiles, furnaces and, not least, a long serii's 
of improvements in cotton-spinning machinery His name is therefoic' 
permanently attached to a great many appliances and iniprovements in 
engineering , and it is worth remarking as evidence of one of the outstanding 
qualities of his character that he allowed his name to be attached only to those 
inventions which were genuinely his own in conception and developmcuit 

The mere catalogue of his 176 inventions indicates Ferrantis mastery of 
mechauic.il technique ' and matenals but conveys no adequate idea of las 
influence in his epoch It is therefore necessary to put explicitly on record 
that m bis own view his bfe’s mission was to spread the gospel of the use of 
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clictucity foi ov(iy poHSil)le purpost* Hi was tlit« earlust luul most toii- 
vmung advocate in Kuf^land of the advantajfes to the (ommumty of tiiiiiino 
luat into (loctncal indfry at u ntuil stitions and <Iistrihuting it to the loii- 
siinier foi driving raai hint rv uid foi he iting and lighting lioim s , tliiis pie 
piling the way for reti nt advuuis towaids tlic allehctiu agi tfoii than 
tVM ntv V ears l)t fori thi Vileetniitv \rt of Idih k moved tin hgislativi ohstiilcs, 
In prearlud till importance of gi nciating i letliuitv on the hngi scab it a h w 
-iiti H iiiid of jntiihnking tin si throughout tlu lountiv FoitunatiK iii 
addition to foiesiglit and vision in had an engaging jh tson ditv whii h indiu ed 
( omineii ml leadt rs to hilicvi m and support him and tliiis In was abli to 
< xpedite the ri alisatum of somt of Ins iliiains fii tliise wavs it is now ih ar 
lit iMrted gri it iiifluenu on i oiitinnKuuiv thought iii ilutriuil enguittiiiig 
all ovei tin vvoild 

Kei I uiti was a im min r of flit Jiistitulioiis of ( iv il Mu h lun al mid Ivli itin il 
hiigimiis and seivi d os I'll sidi nt of till 1 ist ii inn d in I'MO and )‘)1 1 Jit was 
givui tilt honoiary degrti of 1) St h\ Manihtstii Imviisitv m IHll, iwnrdul 
the Faraday Mi dal m 1921, inaih lionoraiv rmnilnr of tin institution of 
Itlectncal Faignmrs m Idii, ilecttd to tin Koval Soiiitv m 1027 ind was 
Prcsidtiit of tlu Hlettiual Divelopmuit \ssociatiou in 1020 Hi diid at 
Zuiitli on Jamiaiy 1 1, 1930 
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